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Abstract

Cell-cell and celiglycocalyx interactions under flow are important for the behaviour of circulating
cells in blood and lymphatic vessels. However, suchactiens are not well understood dinepartto

a lack of tools to studthemin defined environmentdHere, we develo@a versatilein vitro platform

for the study of celglycocalyx interactiong well-defined physical and chemical settingsler flow.

Our approach is demonstratedgth the interaction betweeryaluronan(HA, akey component of the
endothelial glycocalyx and its cell receptor CD44. We generate HA brusinesitu within a
microfluidic device, and denmstrate the tuning of their physical (thickness and softness) and
chemical (density of CD44 binding sitggppertiesusingcharacterisation with reflection interference
contrast microscopy (RICM) and application of polymer the@g. highlight the interaons of HA
brushes with CD44lisplaying beads and cells under flow. Observations of CD44+ beads on a HA
brush with RICM enabled thedmensional trajectories to be generated, and revealed interactions in
the form ofstop and go phases withduced rollig velocity and reduced distance between the bead
and the HA brush, compared to uncoated be@dsbined RICM and brigHield microscopy of
CD44+ AKR1 Tlymphocytesevealed complementamgformation about the dynamics of cell rolling
andcell morphology and highlighted the formation of tethers and slimgsthey interaedwith a HA
brushunder flow.This platform canreadily incorporate more complex models of the glycocalyx, and
shouldpermit the study of how mechanical and biochemical factors are ostitaed to enable highly
selectiveblood celtvessel wall interactions under flow

Keywords: HyaluronanCD44,glycocalyx, mechaniciomimetics, celglycocalyx interactions

1. Introduction Daltons with repeating units of B(1,4)-N-acety}
, , glucosamine and B(1,3)-glucuronic acid Several

The endothelial glycocalyxis a network of mjcrons long[4], HA polymersare thought to be
glycosaminoglycans (&Gs), adhesiorproteins anchored to the endothelium via HA synttsase
and glycoproteins that lines the luminal surfacgng HA receptor§5, 6], resulting in a thick HA
of the blood vessel wallt acts as the gaﬂee_eper coat protruding into the lumeas flexible loops
of cell entry to the underlying endothelium byang chaing7]. Thisgives rise to a HA backbone
presenting a microthick [1], soft (161000 Pa) thatprovides a structural scaffold for the binding
[2, 3], repulsive cushion to expel red blood cellsyf gther proteoglycans and proteins, forming a
whilst displaying binding sites for immune Ce"complex seHorgansed filmthat dynamically re
and stem cell rolling, adhesion and grganises in response to external stirfg]i
transmigration. . HA also provids binding sites for its cell

Contributing fo the selectivity of the receptor CD44 each polysaccharidechain
endothelial  glycocalyx is the linear possessesundreds of binding siteslthough a
polysaccharide  hyaluronan (HA) HA is  fraction of these may be masked by other HA
synthesised at the plasma membrane by Hginding proteins HA-CD44 interactionshave
synthase into polymersof several million peen shown to beecessaryor the capture and
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leukocytes[9, 1214], stem cells[15-17] and ... SPacer

cancer cells[16, 18, 19] employ HACD44 s

binding for cell adhesion, as demonstratedirby AG . :

vitro assaysutilising CD44+ cells and soluble ™" _oee gmo i |

—

HA or immobilised HA/HAexpressing bOEG SAv bHA  sCMOS camera
endothelial monolayers under static conditions @fig. 1: Schematic depiction ttie flow assay(a) The
inside flow channels, which mimicthe parallelplate flow chamber provides laminar flow at
physiological shear stress of pasipillary tuneable rates and incorporation of coverslips for
venules (~34 dyn/cnt [20]). Such flow assays functionalisation, such as gettbated coverslips here.
have also revealed that H®D44mediated ) H'IA brushes gt?geratfd situ grf‘ tgp ct’:] a SAIV "

. R . monolayer on a gold surface modified with covalently
ﬁfi?jdsilr?g Iscggzﬂy r;erggtljegﬁifg [gnﬁchirr‘fcrresr attached biotin groups (bOEG/OEG monolayer). (c)

L o Mounting of the assembled flow chamber on a multi
activating condition$13, 22, 23]and changes to modal inverted microscope with RICM capability

HA architecturein response to inflammatory provides a method to examine bead heigtith
effectors[5, 23-26]. respect to HA films, in addition to velocity under
The wealth of information derived from flow.

in vitro flow assays has highlighted their interference contrast microscopy (RICM). Based

biochemical = relevance. In addition to on interferences in reflected light, RICM can

biochemical factors, ther'e IS now ample eV'denctﬁstinguish the distance between an object and a
that substrate mechanical properties, such as

) . . surface,providing a method to characterise the
stiffness and thicknesalso profoundly influence _ .
: . : thickness of a surface layer with nanometer
cell adhesion and signallin@7, 28] However, - e
. ; . .’ precision.Furthermore, e sensitivity of RICM
as with other celfjlycocalyx interactions studied : S
> . in flow assays has been highlighted by the
with in vitro model platforms, thesurfaces . " )
. . . detection of additionalarrests of particles
utilised ae unlikely to reproduce kephysical

. o . interacting with a gdace by observation of
properties of the glycocalyXhis is duen partto article heiaht with respect tohd surface
the utilisation of immobilisation strategieis P 9 b ’

which the orientation and surface density of compared to measurement of velocity al{2@}.

Thus it is an ideal tool to study interactions
glycocalyx moleculesare not well controlled . S
) L between  thick  glycocalymimetics and
resulting in films of unkrown softness and L
) . cells/celtmimetics under flow.
thickness As such physical factors have been S
. Here, wedevelop anin vitro flow assay
almost completely ovokedin flow assays, and . . .
. . . to study the behaviours of circulating cells/eell
their influence on celgyjlycocalyx interactions .~ "° . S
. mimetics on welldefined glycocalyx mimetics,
under flowremairs largely unknown.

Another factor that has hindered theWith controllable chemical and physical
incorporation ofglycocalyx physical parameters par;a mete;s. TO this end, WGI" mteg_rﬁmsat}glf
into flow assays is the lack of tools tograce ¢ emistrand RICM (along with brig

characterise thenConventionaflow assayave field mlcroscopy)Nlth amicrofluidic device. We
: . g .~ describe the tools necessary for the
employed imaging modalities, such as bright . : : .
i . ) ) implementation of this methodology into a
field microscopy to shed light onimmune cell : . . .
, . . . conventional inverted optical microscopy setup
capture firm adhesion and rolling velocity under . S
: : and illustrate the capabilities of our platform by
flow by observation of displacement along therobin HACD44mediaed  celtalveocalvx
surface in x- andy-directiong [9, 13, 15, 16, 18, P 9 gly y

A . . interactions Specifically, we demonstrate the
21]. However, brighfield microscopyis largely formation of tuneableHA based glycocalyx

insensitive todisplacements perpendicular to themimetics, including those fo physiological

s_urface_ ('_n _z—dlrecjuon) and _ S0 cannot thickness and softness, and their characterisation
differentiate: (i) the inherent thickness dahe . . L
in situ within flow channels. In depth

model surfacesor (ii) the position of interacting h o t the ohvsical ¢
cells with respect to thicgflycocalyxmimetics characterisation of the physical parameters o
such films is described here with reference to

A labeHree optical technique thaiffers .
sensitivity to zdirectionality is reféction polymer physics and soft matter theovye have
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2. Results and discussion

P In Section (2.1) we present the details of brush

ea — —_| distance =
&;ﬁ;‘s’/ Pimeas C‘f’i?_) C};f;{?,_hmm-"m formation and characterisation using RICM and
nmI L L LT -y polymer theory, with the aim to provide a
: comprehensive guide to implement our
methodology. Subsequently, in Section 2.2, we
! highlight key applications of this platform
demonstrated with selected HA brushes. The
/Wh reader can refer to these somewhat independent
sections as desiredn iorder to discover brush
Ssnca ) Dsnoe ) Disnocurt) Disinee ) formation/characterisation and interaction studies
| with CD44+ cells/cell mimetic, respectively
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21. Formation of HA brushes with
controllable thickness, softness and
binding site density
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Time after functionalisation () 2.1.1. In situ formation of HA films within a

Fig. 2 Characterisation of HAbrush heightwith 10" CHaMDer d arafted HA -
RICM using 25 pm uncoated microbeads. (a, by'USNesS of on€nd grafte were generat

Schematic representation of beads on a SAWIU Within a paralleplate flow chamber using
monolayer and HA84®rush, respectively. (c) RICM biotinylated lymeric and oligomeric HA
images appear as fringe patterns and were taken at 9@mplesof well-defined molecular weightMw),
wavelengths (red andreen) on SAv i) and HA based onfunctionalisationprotocols established
(hmead. Scale bar is fum. (d) Intensity profiless a previously [30, 31] The paralleplate flow
function of the distance to the pattern cewtff®RICM  chamber, held together under vacuum, consisted
]':Ttit”%e pat(;e:n(sbl(bl?d((),)ax/lerage dgt:; (_m?tge?ta) agdt%fe an upper deck (with inlet and outlet for
itted mode' (blu€). (&) Vieasured heIghts (raw data)qnirg||able flow),a spacemwith defined channel
On SAV (frer) and HABAO linea) from RICM images ;o ngions and aoverslip displaying on its

captured in red and green wavelengths (24). The f | f bioti lent] hed
hret and hmeas include contributions from the optical surface a layer of biotins covalently attac

properties of the gold (see Supplementarghort oligo (ethylene glycol) linkers to a
Information), but their difference= hmeas - he) transparent gold film(Fig. lab). Injection of
provides a phsical thickness termed here beadll streptavidin (SAv)n situ created anonolayer of
distance, a measure of HA film thickne¢§. Bead binding pockets for the further immobilisation of
wall distance measured over the typical length of timgiotinylated HA (bHA) to generateHA brushes
of an experimentn(> 25). (Fig. 1b).More generally, liis SAv platform can

deliberately focused the main text on th&€ used as a ‘molecular printboard’ to create
principles of the setup and data analysisl a Othercell surface/glycocalyxmimetic films from
provide technical details and mathematica} Single or a mixture of biotinylated molecules
derivations as Supplementary Information for th€2S ~ demonstrated  previously[30, ~ 32).
interested reader. In addition, we provide selectdd!rthermore, the setup is compatible with the use
experimental examples of the insight that can B other types of functionalised surfaces (e.g.
derived with this platform bylemonstratinghe thiols on gold and silanes on glass). As suleis, t
3D trajectories oCD44+ celtimimetics on ¢HA ~ €nabls the preparation of bespoke glycocalyx
flm, and the dynamic behaviours of Iivingand cell surface models of desired composition
CD44+ AKR1 Tlymphocytes as they roll on a@nd complexity.

HA brush under flow.With simple adaptatioan 212 Characterigtion of HA brush height by

this platform should incorporate alternative or gicm

more complex glycocalyxmimetics for the The assembleflow chamberwas mountedn a

further study of celglycocayx interactions in mjcrosope with RICM capability(Fig. 1c and

We”.'deﬂned b|OChemlcaI and meChan|CaISupp|ementary |nf0rmati0n Sec“onll R|CM

environmentsinder flow is an optical technique sensitive to the distance of
objects up toa few um from a surfacg33],
providing a unique way to examine objects, such
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as cells or beads, as they interaith a surface. bHAB40

For symmetrical objects, such as miceadsthe 2ugml 4 ug/ml

distance between a bead and surface (bead *%1 i

substrate  distance) can bedetermined P

gquantitatively This was performedhere for 3001 i/

precise(to within ~10 nm)characterisation of the /

thicknessof HA brushes. {,/i'
Microbeadswere injected into the flow

chamber andallowed to settle on the bottom /

surface before and after addition of bHA, thus *

resting either on top of the SAv monolayeH¥ P P o 15 20 25

brush, respectively (Fig.a2b). Images of beads Incubation time (min)

E[,f\giriucr?;é:r%? It?lglk?e l\:l(’j”2;|\(,)v§(lgqs?ftlsq[lr?g 28813 tr Fﬁi_?g. 3: Tuning the density and thicknesd a HA840
a6 ush HA brush thickness changes with incubation

generatesa fringe pattern(Fig. 29. Capture of e ang concentration of bHA, measuieditu with
images in two wavelengths of light (red (635 nmgk|cm. All measurements were performed on a single
and green (534 nm)) enallle precise surface. Error bars represent standard deviations (
quantification  of  height (Supplementary 20 beads).
Information Sction S12). Visual comparison
clearly illustrates that theringe patterns on the
SAv surface and a HA brush cposed of
polymeric HA of Mw = 840kDa (HA840) appear
different reflecting the different heightsf the
beadswith respect to the gold substrate
Quantfication of the beadubstrate
distance was performed to ascertain the thickne®<l.3. TuningHA brush thickness
of the HA brush.To this end intensity profiles Tuning of the thickness of HAbrushes was
were generateftom the capturedfringe patterns achieved by controlling the incubatieonditions
and fitted with a functionthat accounts for the of bHA during functionalisation. Small
optical properties and trgeometry of the system biotinylated molecules can saturate all free
(Fig. 2d Supplementary Information eStion binding pockets on the SAmonolayer, which
1.2). Subtractionof the referencebead height defines a maximal coverage corresponding to a
measured on the SAVayer (he) from that rootmeansquare f(ms) distance ofaround 5 nm
measured on the HArush bmead, followed by [34]. Larger biotinylated speciessuch a
averaging of values obtained in red and gregwlymericbHA, however,cannot access all sites
wavelengths was performed to obtain the due to steric hindrancemposed by bulky
thicknessof the HA brush at rest(beadwall anchored bHA chains othe surface Thus, at
distanceFig. 2ef). low enough surface coverageslymeric bHA
The HA brushes generated were stabladopts an unrestrictédnushroom conformation
and homogeneous. Following a slight reductiom which individual HA chains adopt the shape of
in HA brush thickness of ~5 % (Fig. 2fz 13 h) a random coil and do not perturb one another on
during overnight equilibration, likely due to lossthe surface. Ahigher coverages, howevelengr
of either weakly bound bHA or SAv boundpacking causesepulsion of neighbouring bHA
monovalently rather thamnultivalently to the polymers, andtheir stretching away from the
surface [34], surfaces showed stable thicknessurface (‘brush’ conformation), resulting in
with no significant change over the course ahcreasedHA film thickness. As demonstrated
several days(Fig. 2f, t = 60 h). Thus, all for HA840 in Fig. 3, adjustment ahcubation
subsequent expenents were performed time andor bHA concentratin, in combination
following an overnight equilibration stegand with in situ RICM characterisation, provided a
could take place for several days.addition,HA simple and precise method to tune the brush to a
brushes showed high homogeneity, asdesired thickness. Here, in order to demonstrate
demonstrated by the relatively low standarthe structurally diverse HA brushes that can be
deviation of the mean filmthickness across generated with our methodology, we chose
measuremestmade throughout the flow channelncubation conditions to yield HA840-low
length (Fig. 2-f, error bars)We also ascertained density (HA840l) and highdensity (HA8406h)

.
o

[~}

o

[=]
L

-

o

o
L

HA film thickness (nm)

o

that gravitational forces on the beads do not
affect the determination of HA brush thickness,
and that photwlamage of the brush by the

illuminating light is negligible over the course of

an assay under the conditions used here
(Supplementarynformation Section 1.3)
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Fig. 4. Generation oflA brushes withtuneablethickness, softness anmltnsity of CD44binding sites(a) HA

film thicknesameasured by RICMnN various surfaces. Each pbmepresents the beadhll distance of a single
microbead, with multiplemicrobeads(n > 46) measured along the length of the flow channel. Thickness
measurementsf HA polymer brusheslA840 and HA58 were used to determ{b@therootmeansquare i(ms)
distance betweeHA grafting points (c) the surface density of CD44 binding sites, and tid)drushelasticity
(longitudinal modulus) Measuredhicknessesand data derived fronthosemeasurementare shown irblack

For HAdp15,rmsdistance, elasticity alhsurfacedensity were estimated and are shown in dgeesor bars show
relative standard error of the mean. (e) Schematic representation of the ve#odisms generatedtheir
measured thickness and calculated distance between graftimmints(not dawn to scale)

brushes, withbrush thicknesses of 300 + 10 nndensty of CD44 binding sites and the elasticity
and 430 = 9nm (mean * standard deviatign) of the brush can be estimated, as described in the
respectively (Fig. 4a). following sections.

To producemore substantial differences
in thickness, functionalisation with distinbHA
zﬁgggrsgl;vrﬁﬁeg&?lgvégv 23\;ergnsz§|ic;'gr?]§ic distanqebeiween i_ndividual polymer chaing,

; wasestimatedrom:
HA of 15 monosaccharides were used to form 2
HA58 and HAdpl5 films, respectively. &% = 2y (i) Eq. @)
Incubation conditions were chosen such that a w* b Mo
measured thickness #10+ 12 nm was achieved With b the monomer unit lengtfp = 1 nm,
for the HAS58 brush (Fig. 4a). HAdp15 was considering the basic HA disaccharide unit as the
incubated under saturating conditions, to give riggonomer) and |. the polymer contour length
to a thin, densely packed fili81]. As shown in calculated asbx(polymer Mw)/(monomer Mw).
Fig. 4a, the height of the HAdpIdpuld not be The intrinsic chain stiffnesg = 13.9 (a measure
differentiated from that of the underlying SAvfor the bending rigidity and the monomer
layerusing RICM.This reflects e short contour effective excluded volure v = 3.67 nni (a
length of HAdp15 (7.5 nm), whicthusproduces measure for the monomer size and also the-inter
aHA layer of <8 nm chain repulsioh were previously determined in

The determination of thickness ofan earlier study of HA brush¢35]. In this way,
polymer HA Dbrushes provides a powerfuthe values of ¢ were calculatedas 130 + 18
strategy to extract other key parameters abo(liA840-), 75 + 10(HA840-h) and 10.4+ 1.2
brush physical and chemical properties. Fdrm(HA5S8, Fig. 4b). for oligomeric HAdp15, the
instance, application of polymer physics theoryms distance wa estimated a§ nmassuming it
enables the distance between grafted HAinzha saturates thebinding po&ets on the SAv
to be determined35], and from this both the monolayef31, 34]

2.1.4. Estimation of HA surface dengit
From the measured brush thicknéss the rms



2.1.5. Estimation of CD44 binding site density the film indentation at rest by the gravitational
The densityof binding sites for CD44 within the force of beads of varying size. The other is based

HA brush I'ys, was estimateds: on a phenomenon called elastohydrodynamic lift
L - E&g_z Eq.(2) the lift of noninteracting beads on sofilms
b5 T M 9 under flow—which we recently reportg@9].

where M, and Mys are themolecular weightof Taken together, by controlling polymer

the polymer andhe CD44binding site faken length and grafting density, this sectidras
here as 5 disaccharide unitsased on previous demonstrate how HA films can be custoimade
reports[6, 36, 37), resgectively. Therefore, in Eq 0 have desired physical (thickness, softness) and
(2) My/Mys provides the number of CD44 bindingblqchemlcal (density of binding sites) parameters
sites per HA chain, ang? accounts for the Using our methodology. The brushes generated
number of HA chains per surface ar@e HA Neré show examples ranging from thick and very
polymer brushesggenerated here displagD44 soft, to thin and rl_gld (Fig. 4e)_. Furtimore, the
binding site densitiesanging from~27 x 10° range_of accessiblérush he|ghts anc_élastlc
sitesfim2 for HAB40- to 280x 10° sitesfim? for moduli covers the mechan!cal properties of the
HASS (Fig. 4c). For HAdp15, 48 10° sitesfm? endothelial glycocalyx (which may vary, e.g.

was estimated from thens distance of 5 nm and upon inflammation, & phenomenon that remains
e . ) to be studied)1-3]. Thus,they are potenmodels
1 binding site per chailhese values reflect the 1-3] ey P

total density of binding sites on the surfgce for the examiration of blood celiglycocalyx

; . : .~ interactions under a range of physiologically
which for polymericHA brushes_ comprises SHes g0\ ant welidefined environmentsTo further
that are present along the entire polymer lengt

. . ! emonstrate the capabilities ofir platform, we
including t.hose closest to the waathich may providein the next sectioselectedexperimental
not be easily accessible

examples of the insighthat can be obtained for
2.1.6. Estimation oHA brushstiffness interacting regimes usin@D44+ cell mimetics
The surface density of HA chainalso provides and living cells on selected HA films.

the meam to ascertain brush stiffness. : : .
Computation of the brush elast{tongitudina) 2.2, Probing the mFeraCtl_ons of CD.44+
modulus,M, a measure of brush stiffnessas cells and cell-mimetics with HA films
performed using the following equation(see uUnder flow

Supplementary InformationeStiors S14-16for 22.1. Development of wellefingl celt
derivation and validation): mimetics

M ﬁ Eq.(3) In addition to nornteracting microbeads
m described until now, the platform developed here
wherekT is the thermal energyAs shown in Fig. can incorporate interacting ceflimetics (e.g.
4d, the elastic moduli calculated fothe HA-  functionalised microbeajis and living cells.
polymer brushesvere8 + 4 Pa(HA840), 40 + Fynctionalised fcrobeads reduce the complexity
18 Pa(HA840-h) and B.3+ 6.2kPa(HAS8). For  of the systemby confining the shape of the
comparison, a 0.4 % agarose gel has an elasticiiyculating cell to a siple sphereTher receptor
of ~1 kPa[38]. Thus, the brushes are very softpresentation can be tunedilst maintaining cell
particularly thosecomposed othe long HAB40  sjze. To illustrate this, we used commercially
polymer. Since HAdp15 does not behave as gvailable 15 pm polystyrene beads coated with
polymer,and is organised asvery thin film, its  SuperAvidin (SuAv, a mdfled form of SAv
stiffness is likely to bedomirated by the ith reduced background binding) with a defined
underlying substrate artiusin excess of 100's density of biotin binding sites. Here, a CD44
kPa. ectodomain construct with a biotin at the C
We note that dr less weldefined, or terminal end(bCD44) was incubated with SuAv
more structurally complex films, such as brushaseads to yield CD44+ beads, where the location
composed of HA chains of high polydispersityof the hotin ascertains that the receptor
or films incorporating additional molecules of theyrientation on the bead is comparable to the cell
glycocalyx or crosdinks, the abovelescribed syrface. Coverage was easily tuned by controlling
method to estimate brush stiffness cannot Rfe incubation concentration of bCD44, and the
used.Two alternative methastthatare applicable receptor surface density was determinedlbow

for these filmsare described inSupplementary cytometry (Fig. 5 see  Suplementary
Information Sectios S15-1.6. One is basedon Information Section ST. for details).
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monocytes [40], cancer cell lines[4l] ard © O o——F-=——c—7: 00 05 10 15
macrophageEAZ]. Shear stress (dyn/cm?) Shear stress (dyn/cm?)

2.2.2. Examining the interactions 0€D44+ g 6: Interactions of CD44+beads ora HAdp15
cell-mimetics on a HAlfn in 3D: stops and g&  film. (a) Individual 3D trajectoies of a CD44 (black)
under shear stress and CD44+ (red) bead, showing bemall distance
Specific interactions between CD#A could be (open circles) and instantaneous velocity (closed
probed, as demonstrated here for CD44+ beagircles), recorded atlO0 fps (shear stress 0.16
(saturated coverage) on a HAdp15 film. Videodyn/cnf). (b) Beaewall distance and (c) velocity
of beads were recorded using RICM at 10bistograms of all reorded time points for 8 beads
frames per second (fps) under fixed flow rate&P44 (9rey) and CD44+ (red)) analysed for a

. Selected shear stress (0.38Bn/cnt) at 100 fps.
(converted to shear stresigeMethods Section Averagebeadwall distance (d) andelocities (e) of

4.2.6. Tracking proce.dures. were developgd -~pas peads llack and CD44+ beads (fech = 9-70
order to generate trajectories of beads as thg¥ads.Error bars represt standard errors of the
moved over the HA surface (as describedhi@® mean.

Supplementarynformation Section S8) . This
determinedinstantaneous bead velocitsom x-
and y- positiors, while RICM fringe patterns
were fitted to obta beadwall distance In this
way 3D trajectories of single beadsvere
generatedwith high throughput The tracking

precision is highlighted by the estimated Iaterélfhases (closm-zgro velocity) displayipg,
resolution of RICM for the beads used in thigeduced beawall distance compared to the ‘go

experimat of ~ 5.5+ 1.0 nm (Supplementary phases. Such phases, in terms of velocity, have
Information Section S9). been observed with conventional imaging modes
As shown in Figa, the 3D trajectory of [43]. Here, we show thaRICM provides the

a single CD44 (SuAv) bead at low shear (0.16means to study the transient interactions in terms

dyn/cnf) showed relatively constant velocity ofOf beadwal_l diStaﬂce as well This is in
~60 um/s (closed black squares), and a vt agreemenwith the pioneering quk oRobert et
distance of ~70 nm (open black circles).isTh &l [29], who have demonsitedwith RICM the

higher beadvall distance for SuAv beads thandetection of interactions cfurfaces bearinghe

a single CD44+ bead showed an overall reduced
velocity of ~ 15 um/s (closed red squares) and
lower beadwall distance of ~20 nm (open red
circles). In addition, the trajectory displayed
transient ‘stop’ and ‘go’ phases, withe ‘stop’

uncoated beads on HAdpl5 (Fig. 4) coul tercellular adhesion moleculédCAM-1 and
suggest a higher surface roughness on the Su gads coated \.N'th ar!ﬂ:AM-l even in the
coatedbeads. In comparison, t8® trajectory of Presence of a thick HA film on the surface



The CD44HA-mediated mteractions In brightfield microscopy, theells were
observed heravere emphsized by generation of observed to roll as they translocated across the
histogram plots of the trajectories of variousHA surface uder flow (Fig.7a, Supplementary
beads(Fig. 6bc). At a given shear stres¢here Videos 12). The rolling is evidenced in the
0.32 dyn/crd), the keadwall distances and snapshots shown in Figa by observation of a
velocities were lower forthe population of regionof-interest (identified by green arrow
CD44+ beads compared to CD4Heads, with heads), whse position remains relatively stable
little overlap.The broad distribution of velocities despite substantial translocation of the cell in the
for interacting beads compared to Cb4kads direction of flow (Fig.7a, brightfield, 30.532.3
most likely arises through a superposition of twa). The rolling was not uniform over time ai
effects: small heterogeneities in the CD44ome occasions sliding motion could also be
coverage over the surface of each single beadbserved.Interestimgly, as the cellsinteracted
and betweerndividual beads and the stochastic with the HA surface protrusions could be
nature of interactions involving few CD44A observed both in front of and behind the cell,
bonds. Furthermore, the average beall which wereparticularly evident at shear stresses
distance and velocity of CD44+ beads werel dyn/cnt (depicted by blue and white arrows
consistently reduced compared to Cbdfads respectively, Fig7ab). The observatioof these
overa physiological range of shear stressed (Ostructures in brighfield (with the focal plane at
dyn/cnt, Fig. 6d-e). the bottom surface of the cell due to simultaneous

Taken together, this example of theRICM/brightfield imaging) suggests that they lie
detection of CD44A-mediated adhesion relatively close to the HA840 surface. Indeed,
demonstrates that our biomimetic cells andome protrusions were sufficiently close (up to a
surfaces provide toofer probing physiologically few um) to the HA surface to be clearly observed
relevant interactionsn vitro. Furthermore, this in RICM as well (Fig.7b, Supplementary Video
highlights RICM as a useful detection tpwlith 2). Similar structures have previously been
high throughput data processin@apable of observed at high shear stress for other cell types
processing bead trajectories over 1000s of framas vitro (e.g, via total internal reflection
with fast output)and similarxy sensitivity to fluorescence mioscopy), andin vivo (via
conventional imaging modebut with the added intravital microscopy) [44, 45] They are
opportunity to examine distances betwede t described as tethers, which anchor behind the cell
interacting bead and surfacehus, our platform and upon detachment project to the front of the
could be extrapolated to the further study of thickell thus becoming slingsSuch tethers/slings
glycocalyx mimetics with diverse cell receptordave been implicated as important for immune
that are required for various stages of the ceaiell trafficking, but so far have only been
adhesion cascadt helpascertain the role of thereported in a few instances. Indeedert
soft glycocalyx as a repulsive cushion observation here is to our knowledge novel for
modulating adhesion to endothelial cell surfacthis cell type, and may be seen in our assay due
receptorg29]. to the plane offocusbeingsetat the bottorrmost
surface of the rolling cellln conventional flow
assays the focal position likely usually lies at the
cell equator, that jsat a level where the cells are
W\ focus but tethers/slingsnay not be easily
observed. As such, tethersigis may be more
common than previously thought, and observable
in detail with the methods stated here without the

2.2.3. Visualidng thecontact area and rolling
and the formation of tethers and slingsf
CD44+ T-lymphocytes

Our assay system can also be integrated wi
living cells. To illustrate this, livingAKR1 T-
lymphocytes transfeted with CD44 were
injected intothe flow channebearing a HA84h . :
brush Videos were taken simultaneously inneed of_llﬁbell!ng ][:achnlques. isiti £
RICM and brightfield microscopy as the cells. bri ht—? Isdlmu z(ijneglIJéMacquwl_lé)n od_|mages
interacted with the HA surface under flow. In", Prigntiieid —an , provides - diverse
order to capture the cells in RICM, the bottommformatlon about the cell’'s rehitecture as it

mostsurface of the cell was selected as the pmﬁﬂ?el\)magr;gvig:gls'laeoﬂgzr?s (Ignggg::n cell
of focus. In comparison to brigiield geJ p

: : : I veloci r nd roundn lcul
microscopy, in which the whole cell is visible, elocity, area and roundness, calculated as

RICM is most sensitive to the part of the cell that/ ™ * Area/(Majoraxis)®, from  brightfield
is in direct contact with the surface. images, and contact area size and roundness from

RICM images, as demonstrated for a single cell
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(a) Flow direction (1.1 dyn/cm?) (b) Flow direction (1.6 dyn/cm?)
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Fig. 7. Simultaneous brightield and RIC microscopyof CD44+ T-lymphocytes on a HA846h brush. (a)
Images in brighfield (left) and RICM(right) asacell rolled on the surface, under an imposed shear strésk of
dyn/cn?; a series of snapshots at selected times (indicated) is sk&reen arrows demonstrate a regifa
intereston the cell whose movement demonstratadl rolling. White and blue aows point to tethers and
slings, repectively. The brightfield image also shws a wea&r ‘ghost image of the cell due to parasite
reflections (b) At an imposed shear stress of tly/cn?, another cell has a long slingbsenablein both
bright-field and RICM.After the cellin (a) landed, the full trajectory was analysed amliiied to determine the
cell's projectedarea (from brighfield; c, black squarés contact areafrom RICM, c, red square} the
roundness of thprojected areaffom brightfield; d, black trianglesandroundness ofontact areaffom RICM,;

d, redtriangle$, and velocity (from brighfield; e, black circlesunder increasing shear stré€es dashed line)
Scale bar is 10 pm.

reveab complementary insight regarding the

under flow (Fig.7a, Supplementary Video 1As dynamics of cell rolling, size, contact area and
well as highlighting the fluctuating cell shape angleformation agellsinteract with a surface under
contact area shape as the cell rolled, these ddgw. In addition, thisexample illustrates how
also highlight the much smaller area of contadiomimetic surfaces can be interfaced with living
between the cell and HA surface compared to ti§¢lls This approach has the potential to be
overall cell size (Fig7c). Furthermore, while the extended further, to observe circulating ceh
overall cell showed a relativelpund shape (Fig. mimetic beads on real glyocdyces on altured
7d, black), the contact interface was less regul&hdothelial monolayer§46], and evento live
in shape (Fig.7d, red), suggesting greater circulating cells on real glycocalyces. In this way,
changes to the deformation of the contact aréa!r integrated assaan encompass lage range
rather than the whole cell shape as the cell rollegf complexity, from fully reconstituted models
Further insight was obtainable by observation d¢hat are welidefined anctapture selectedspects
cell velocity. For instance, dimg spikes in cell of the celtglycocalyx interaction in their pure
velocity (Fig. 7¢, t = 20 s and 30 s, which form (thus facilitating mechanistic studies and
coincided with tether detachmenfFig. 7a, the identification of new phenomendp fully
Supplementary Video)l cell area and contact celluar systems that reprodutiee complexity of
area transiently decrease@uch observations the real endothelial glycocalyblood cell
suggest transient decompression of the flattenétieractions more closelfthus facilitating tests
cell as it rolled faster, or heterogeneities in cefif biological relevance)
shape along its circumference, which were
emphasized as it rolled. 3. Conclusion

The above analysis demonstrates ho

simultaneous imaging ibrightfield and RICM "fheassay systemeported hee represents a new

integrated methodologyto shed light on cell
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glycocalyx interactions under flow inand coated wita 5 nmlayer of gold [30], to
mechanically and biochemically walkfined vyield a surface that remaingransparent(for
environments.The ability to track cellor cell- optical microscopy yet displaysthe diemical
mimetics  interactions with  well-defined propertiesof gold (required for thiolmonolayer
glycocalyxmimetics in 3D offers the opportunity formation). The goldcoating was performed
to study the importarcof physical parameters ofusing a mask to ensure that only the central part
the endothelial glycocalyx.Here, we have of the surface was coated with gold, while the
reported on the development of model HAouter parts were retained bare to guarantee an
surfaces with tuneable physical and chemicaptimal seabf the laminar flow chambeligo-
properties and demonstrated the wealth of insighthylene glycol (OEG) thiol and biotinylated
that they can provide on cell adhesion under flo®@EG (bOEG) thiol were purchased from
with two selected examples. Such factors arf@olypure, Oslo, Norway. SAv was purchased
inherent to physiological glycocalyces, and arffom Sigma Aldrich.Reducingend botinylated
likely to be modulated during inflammation.HA (bHA) with molecular weighg 840 + 60 kDa
Therefore, this insight could be crucial to our and 58 + 3 kDa, prepared bin vitro chemo
understanding of how changes in inflammatioenzymatic synthesi§48], were purchased from
can govern controlled cell entry to theHyalose,OK, USA. The automated soligphase
endothelium.This could in the futurde tackled synthesis of theHAdpl5 oligosaccharide and
by further exploitation of the proposedsayand conjugation withbiotin & the reducing endchas
by comparison of cell adhesion behaviours acroggen describeith [34].
different HA brushes. Furthermore,hike we 42 M ethods
have utiised HACD44mediated celglycocalyx
interactions to demonstrate our methodologg.2.1. CD44+ bead functionalisation and
here, this platform also provides room forharacterisation
diversity in glycocalyxmimetics, allowing for SuAv-beads werewashed in HEPE®uffer by
co-presentation of glycocalyx componentsn centrifugation at 12000x g for 5 min.
various concentrations, combinations an@&unctionalisationwith bCD44 was perfored at
architecturesto untangle how biochemicaand a working volume of 50 puL and he
mechanical cuessynergistially control the conentration of 0.5 % (w/v) for 1 hour at 2€
selective adhesion and migration of cellstre#é  with agitation in a Hermomixer(Eppendorf)at
blood vessel wall 1000 rpm CD44+ beads were then washed
. described aboveBeads were stored at°€, and
4. Materialsand methods used for flow assays within one week
41. Materials For flow cytometry,CD44+ beadswere
_ _ o incubated witnM7-FITC for 1 h at 1400 rpm in
Experiments with _celland surfacebiomimetics g thermomixer (Eppendorf)in the dark.Beads
were performed with HEPES buffepH 7.4 10 \yere washed 5 times ari®000 eventsnalysed
mM HEPES (Flshgr SC|ent|f|_c, IIIklrc_h, Fran_ce),with aBD LSR I Analyzer Flow Cytometemwith
150 mM NaCl (Sigma Aldrich, Saw@uentin  pjyA 6.3.1 software (BDBiosciencels Error
Fallavier, France), 2 mM CagXiSigma Aldrich)  pars of flow cytometry data represent robust
and 1 mM NaN. - standard deviation: rSD = Median ofX{ —
Unfundionalised and  SuperAvidin \edian|} x 1.4826 The value 1.4826 adijusts the
(SuAv)-functionalised polystyrene microbeads robust value to the equivalent of a normal
were purchased from Polysciences EUrGpebH o ation  distribution.  rSD  values  were

(Hirschberg, - Germany). For CD44+  cell  .5j0)jated in BD FACSDiva Software.
mimetics, arecombinant protein containing the

human extracellular domain of CD44 (residues ¥.2.2. Surface preparatiorex situ

267) anda Gterminal biotin tag (bCD44) was Gold-coated coverslips were exposed to
generated as described previoug§7]. The UV/ozone (Jelight, Irvine, CA, USAfor 10 min
monoclonalant-CD44 antibody IM7 conjugated and submerged in a thiol mixture composed of

to FITC (M7-FITC) was purchased from OzymebPOEG and OEG in a 2:98 molar ratio at a final
(Saint Quentin Yvelines Cedex, Frahce thiol concentration of 1 mM in ethanol within a

For preparation of HA fiims as g@lass catainer. The submerged coverslip was

glycocalyxmimetics circular glass coverslips of stored at 4°C for a minimum of 18 h and
35 mmdiameter (Fisher Scientifigyere cleaned maximumof 1 week before use. Just prior to
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assembly in the parallplate flow chamberthe passaged twice a week and cultured in high
coverslip was washed with ethanol and driedlucose Dulbecco’s modifieckaglés medium
under N. (DMEM, Sigma Aldrich supplemented with
heatinactivated fetal bovine seruntBS) and
penicillin (100 U/mL)streptomycin(100 pg/mL)
(Fisher Scientifif at 37°C, 5 % CQ in T75
flasks (Fisher Scientific)

4.2.3. Functionalisation of HA films n situ
within parallelplate flow chamber

The circular paralleplate flow chamber
(GlycoTech, MD, USA) was fitted with
inlet/outlet tubing (PTFE, with internaliameter 4.2.5. Multi-modal imaging and data
0.56 mm, Fisher Scientific) ara rubber gasket acqusition

(spacer, with defined channel of dinsions: A commercial optical microscope was adapted to
0.250 x 2.5 x 20 mm b x w x 1)). Prior to incorporate brighfield and RICM imaging
formation of HA brushes, the chamber wagmodalities We provide thorough details about
assembled with a blank 35 mm coverslield this conversion, in Supplementary Information,
together under vacuumand passivated with Section S1.1, in order for other laboratories to
bovine serum albumin (BSAas detailed below. follow this procedure should they desire.

To account for the dead volume of ~50 pL, For data acquisition of microbeads at rest
passivation and functionalisation steps werand where lift was observed, RICM images were
preceded by jection at 100 pL/min for 1 min captured in two wavelengthRICM videos were
Flow rates were controlled by a syringemp captured using an exposutiene of 1.1 ms and
(KDS Legato 11D frame rates as described in the main text.

BSA passivation was performed witi® For dda acquisition with CD44+ AKR1
mgmL BSA in HEPES buffefor 15 minutes at T-cells, dual brighfield and RICM images were
20 pL/minplus 10 min without flow. This was captured with an exposurime of 30 ms and
followed by washing inultrapure water for 25 frame rate of 10 fps.

min and dryinghe system by withdrawing air 4 5 5 Flow assay withuncoated and CD44+
The goldcoated coverslip functionalised o 44g

ex situ with bOEG/OEG ¢ee above) v&s peaqs were injected onto HMms and left to

incorporated into the BSpassivated flow geie for 5 minand vdeoswere therrecordedn
chamber, and sealed under vacudine surface RICM under fixed flow rates. The flow rat®

was washed with HEPES buffer at 50 pL/min fof, o< converted to shear stressby applyingthe

10 min before functionalisation. following equatior{39]:
Functionalisation steps were performed at a-wall 60n
shear stress of 0.002%/n/cnt (equalto a flow T= Eq. @)

rate of 3.9 uL/minEq. (3), in order to maintain
the same wall shear streéand thus the same
mass transport conditions) ased in QCM-D

with w and h the channel dimensionand# the
solutionviscosity(~ 1 mPa.sat room temperature
and 0.7 mPa.s at 37 YCMeasurementswith

. Sicrobeads wer@erformed at gemperature of
develop ~and  characterise thesurface ,4oc Tracking procedures of the beads in three

functionalisation srategy [30, 31} SAv was jinensions aralescribed inthe Supplementar
injected at a awmcentration of 20 pg/mL for 30 | PP y

g . formation Section S1.8.
minutes, and the surface washed with HEPEg
buffer for 10 min. ForHA films usedin Fig. 4, 4.2.7. Flow assay with CD44-<ells
addition of bHA was performed as follows:A HA840-h brush was formed at room
HAdp15,1 pg/mL for 35 min; HA58, 1 pg/mL temperature, on a monolayer of a modifedn
for 90 min HA840-h, 20 ug/mL for 105 min ©of SAv, Traptavidin, which has slightly reduced
HAB840-, according to the sequential incubatiorflissociation kinetics for biotinfor improved
stepsshown in Fig. 3The surfaces were wasd stability of HA brushes at 37 °C hef49]. The

in HEPES buffer for 10 min ariéft overnight to sample stage of the microscope \ptecedinside
equilibratein the absence of flow abox for control of temperaturand set to 37C

for flow assay expemens with cells. The
4.2.4. Cell culture y P

working solution was exchanged feerumfree
AKR1  T-lymphocytes, naturally CD44 g g

: . DMEM supplemented witi2.5 pg/mL of the
transfect((a’;id\l:vngl CD43+d bwergorlglnally antifungal agent Amphotericin B (Sigma
generatedind kindly provided byRobert Hyman  zjqrich). Cells were injected onthe HA840-h
(SALK Institute La Jolla, CA, USA) Cells were ) )
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surface under an imposedhear stress of 0.2 2.
dyn/cnt  and  videos were recorded
simultaneously in brightield andRICM (60 oll
objective) When cells were observed in the field.
of view a flow ramp was imposeahich covered
a range of shear stresses fromt0.2 dyn/cn. 4.
Images wereprocessed in ImageJ by
performing a background subtractiorfthe s,
background was generated by performing-a z
project average intensity across thel fuitleo). g,
Briefly, for analysis of cell velocity, area and
roundness from brigkield images, cells were
segregated from the background by applying a
manually selectethtensitythreshold folloved by -
conversionto a binary image The resulting
images were processed with Trackmate for
velocity [50], and Analyse Particles for cell area
and roundnesg-or analysis of contact area andy
roundness, RICM fringe patterns were manually
segregated from the background and ysed
with Analyse Particles. 0
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S1. Supplementary I nformation

S1.1 Reflection interference contrast microscope setup

This section provides all the necessary details to implement RICM on an existing inverted bright-field
or epifluorescence microscope. In particular the RICM implementation described here does not require
an anti-flex objective, commonly used in other setups, which extends its versality [1]. A simplified view
of the microscope is shown in Fig. S1. A white light incoherent source (Light source: HPLS345,
Thorlabs) was coupled into an inverted microscope (IX71, Olympus, Japan) using a custom-built
illumination arm. Briefly, the light passed through a dichroic bandpass filter (BPF) to select the
appropriate wavelength range for RICM. In the experiments presented in this paper, the filter was either
a single-band green filter (for combined RICM/brightfield acquisitions; filter FF01-530/43-25,
Semrock) or a dual-band green/red filter (for dual color RICM acquisitions; filter FF01-534/635-25,
Semrock). For the photodamage assessment experiment, the filter was remove and the full spectrum of
the lamp was used (covering the range 400-750 nm). The light then passed through an aperture
diaphragm limiting the illumination angle on the sample. This graduated diaphragm (SM1DI12C,
Thorlabs) was imaged at the entrance pupil of the objective using two achromatic doublet lenses
(AC254-100-A, Thorlabs). The graduations ensured that the maximum illumination angle used for
different experiments was reproducible, and was set to an illumination numerical aperture (INA) of 0.46

[1].

The usual fluorescence cube in the microscope turret was replaced by polarisation optics: the
light passed through a first polariser (WP25M-VIS, Thorlabs), was reflected by a polarising beamsplitter
cube (PBS251, Thorlabs) and then passed through an achromatic, 15 mm-diameter imaging-flat quarter
waveplate (QWP; custom-made, Fichou, France) before being focussed on the sample by an oil-
immersion objective (60XO UPLSApo, Olympus, Japan). The beamsplitter cube was tilted by about 3°
with respect to the optical axes to eliminate residual reflections from its faces. The axes of the quarter
waveplate were positioned at 45° with respect to those of the polarizing cube, resulting in a circular
polarization on the sample. Upon reflection on the sample, the circular polarisation was inverted, and
converted again into a linear polarisation upon a second pass through the QWP. However, this linear
polarisation is orthogonal to the incoming one so that the beam passes through the polarizing
beamsplitter cube towards the imaging port of the camera.

For dual-colour imaging at high speed, a home-built image-splitting setup was used to
simultaneously acquire a red and a green image on the camera: a variable slit at the imaging port of the
microscope (VA100/M, Thorlabs) was used to limit the field of view to half of the height of the camera
sensor. The image plane at the camera port of the microscope was then imaged onto the sSCMOS camera
(ORCA Flash 4.0 V2, Hamamatsu) using achromatic relay lenses (ITL200, Thorlabs). In between the
two lenses, the green and red images were separated using an imaging-flat dichroic mirror (FF560-
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FDi01-25x36, Semrock) gently held through curable silicon paste (Sugru, FormFormForm, UK) to
avoid any image distortion. Silver mirrors (PFSQ10-03-P01, Thorlabs) were used to orient the two
images onto different regions of the camera for simultaneous imaging of red and green signals. These
two images were then spectrally cleaned by dichroic filters to avoid any crosstalk between the two
signals (green: FF01-531/46-25; red: FF01-629/56-25, Semrock) and recombined with another identical
dichroic mirror (FF560-FDi01-25x36, Semrock). In Fig. S1, an example of combined RICM (green)/
bright-field (red) imaging is shown. For bright-field imaging, a red coloured glass filter (FGL610S,
Thorlabs) was used to filter the light for the microscope illumination arm that was subsequently focussed
by a long-distance 0.3 NA condenser (all Olympus, Japan). An autofocus device (CRISP system, ASI
imaging, USA) was mounted on the camera port of the microscope just before the variable slit to ensure
that the focus was stable throughout our experiments. Finally, a custom-built thermostated box (Digital
Pixel, UK) enclosing most of the microscope was used to control the temperature at the sample.

Further details on our experimental setup and analysis regimes are available upon request. In
sections S1.2, S1.7 and S1.8 we also provide details of the implementation of RICM image analysis and
resulting tracking precision.
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Figure S1: Schematic view of the multi-modal microscope used for imaging beads and cells.
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S1.2 RICM pattern on bead as a function of bead height

RICM images are formed by the interference between light reflected from the substrate and from the
polystyrene bead (Fig. S2). Multiple reflections inside the gold layer give rise to effective reflection
coefficients 7, and -, which are complex quantities. Around the bead centre (» = 0), the pattern is radially
symmetric and its intensity as a function of the distance » from the centre can be written as:

72 72

1(r) = Ae "I + Aze “Ecos(po + U 5h(r)) (S1)

where A; and A, account for the amplitude of the offset and of the fringes, respectively, and w; and w,
for their empirical decrease with the bead distance to the surface [2]. npysrer 1S the refractive index of
the medium; the change in refractive index due to the presence of the HA film can be neglected due to
its small amplitude. 6h(r) describes the geometrical path length difference between the ray reflecting
on the bead and the one reflecting on the gold surface. At the point of this latter surface where the
reflection occurs, and in the case of a bead of large radius (typically > Sum), it can be well approximated
as:

Sh(r) ~ 2h(0) + = — 22 s2
(r) ~2h(0) + =32 (S2)
where R is the bead radius. Finally, ¢, accounts for the phase difference in 7; and »,. Because this offset
is very sensitive to the exact thickness of the gold layer, it is determined experimentally by measuring

the RICM pattern obtained in the absence of the HA brush (as shown in Fig. 2).

From Equation S1, it can be seen that the RICM pattern is identical for all measured heights
A

2Npuffer
were made at two wavelengths (534 nm, green and 635 nm, red). This method provides unambiguous

determination of heights up to 4,4, /[2npysrer(A2 — 41)] = 1.2 pm [3]. If further distances need to be
measured, a third wavelength (e.g., in the 400-500nm range) could be added to extend this range to ~ 2
pum.

(meas) separated by ~ 200 nm and so in order to ascertain the correct height, measurements

buffer, n=1.334

polystyrene bead,
n=l59

P A TR

binding layer, n=1.47 /
gold, =5nm

glass coverslip

Figure S2: Sample structure and light reflection path. Multiple reflections occur in the gold layer, giving rise to
two effective reflection coefficients, one before (r1) and one after (r;) reflection on the bead hovering over the
functionalized surface. The value for the refractive index of the binding layer is indicative and not used in data
analysis. A thin (~ 0.5 nm) titanium adhesion layer is present between the gold and the glass that is not shown in
the figure, and its effects are, as for gold, incorporated in the phase offset ¢,. A value of 1.334 was used for the
HEPES buffer for analysis both at A = 532 and 635 nm (i.e. dispersion was neglected).
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S1.3 Additional controlsfor thickness deter mination and stability of HA brushes

Key technical aspects related to the thickness determination and stability of HA brushes were
corroborated further. We found that the size of microbeads had an appreciable effect on the bead-
substrate distance (Fig. S3a), indicating that gravitational forces exerted by the beads can indent the HA
brush. Importantly, this effect was negligible for bead diameters < 25 um and hence we used the 25 pm
microbeads to determine HA brush thicknesses.

Secondly, validation of the illumination conditions used for image capture was performed by
examination of the stability of another HA840 brush under various illumination settings. Under constant
exposure of white, unfiltered light the thickness of the HA brush reduced significantly within just 1 h,
demonstrating photo-damage to the surface (Fig. S3b, black bars). In contrast, under exposure of
red/green filtered light (see Section S1.1), the HA brush thickness remained stable, demonstrating no
photo-damage by illumination with the longer wavelengths of light (Fig. S3b, red bars).

These observations highlight that care should be taken to ensure that film thickness
measurements are undertaken without film compression and that photo-damage should be assessed and
limited by reducing the illumination intensity and using longer wavelengths. All subsequent
measurements were thus performed with beads of diameter < 25 pm imaged with either red or green
light or combined red/green light.
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Figure S3: (a) Compression of another (more dense) HA brush by microbeads of higher diameter (n > 27). (b)
Photo-damage of another (less dense) HA brush by constant exposure to white, unfiltered light (black) and red-
green filtered light (red) (z > 12). Error bars show standard deviations.

S1.4 Estimating the eastic modulus of HA brushesfrom their grafting density

As discussed in detail in reference [4], contact mechanics and polymer brush theories can be combined
in order to obtain the following expression for the elastic modulus of a brush:

- 53(1—1;1;;10)% [7 (%)5/4 +5 (H£0)7/4 - 12] (S3)

where kT is the thermal energy and /4 is the height of the compressed brush. Since the microbeads used
here do not appreciably deform the brush (Fig. S3a), #/H, tends to one. In this limit of vanishing
deformation, Eq. S3 tends to a finite value corresponding to the low strain elastic modulus, M =13
kT/(z&), as provided in the main text (Eq. 3).

S1.5 Estimating the elastic modulus of a soft film from indentation by bead gravitational force

The modulus derived from the rms distance (Eq. 3) can be compared to that obtained from data such as
those provided in Fig. S3a, showing how the use of larger (hence heavier) microbeads results into
compression of the HA840-h brush. As detailed in [4], the relationship between the compression of the
brush and FG, the gravitational force acting on the brush due to the bead’s weight, reads:
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M (Hg—h)?R (S4)
Ho

Fg = %nR3gAp =

with g = 9.81 m s, Ap the density difference between the bead and fluid (40 kg m™ for polystyrene vs.
water), and R the bead radius.

In Fig. S4, we replot the data of Fig. S3a as Fg as a function of zR(Ho-h)*/H,. It can be seen that
the data indeed fall on a straight line, the slope of which yields the modulus M. From such an analysis,
we compute M = 35 £ 5 Pa, in good agreement with the value of 40 £ 18 Pa obtained from Eq. S3 and
reported in the main text for the HA840-h sample.

Such a consistency check validates our use of Eq. S3 to estimate elastic moduli. It also shows
that measuring the height of beads of various sizes is an easy means to probe the elastic response of a
soft layer. While nominally simpler, and requiring no a priori knowledge of the molecular architecture
of the layer, such a method is nonetheless limited to layers displaying moduli lower than about 1 kPa,
above which the compression levels obtained with polystyrene microbeads would fall below the
experimental accuracy of RICM. The use of denser (e.g., glass) microbeads would however allow
probing layers of moduli up to 10 kPa.
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Figure S4. Plot of the compression data from Fig. S3a as Fg vs nR(Ho-h)*/H, (symbols). The red line is a linear fit
to the data, yielding a slope M =35+ 5 Pa.

S1.6 Estimating the e astic modulus of a soft film from microbead lift under flow

We here propose an alternative method to estimate the elastic modulus that also does not require any
prior knowledge of the film surface density and architecture and is based on the measurement of
elastohydrodynamic lift. This lift arises from the flow-induced deformation of soft films by flowing (and
non-interacting) microbeads, with the magnitude of lift correlating with film softness, as demonstrated
for HA brushes in Fig. S5.

A quantitative analysis of elastohydrodynamic lift on HA brushes has been described in some detail in
our recent work [4], and is adapted here in order to determine the brush elastic modulus, M, from
measured lift and imposed shear stress. Neglecting inertial effects, which remain small in laminar flow
assays, the vertical forces acting on a flowing bead are (i) the gravitational force (Fg) and (ii) the
elastohydrodynamic force (Fenp) arising from the glycocalyx deformation. The balance of these two
opposing forces reads:
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n*R*(V-RQ)*Hy _ 4 _p3
— s  —3 nR°gAp (S5)
T S T '
FEHD FG
with 1 the viscosity, g, Ap and R as defined above, V the translational bead velocity, Q the bead angular
velocity, and ¢ the measured lift. In the limit where 0/R << 1, V' and € can in turn be expressed as a
function of ¢ and the imposed shear rate y as [4]:

7R(1-3) . 5
 0.7625-0.2562 ln(g) =YRXF (R) (S6)
_ YR . 8
RQ = 1.6167-0.4474 ln(g) =YRXG (R) (87)
Combining Egs. S5 to S7 yields for M:
_ 3n%y2H )
- 47TR2gA(;))f(E) (SS)

with the function A{6/R) = (F-G)*/(6/R)’, where functions F and G are defined in Eqgs. S6 and S7,
respectively. Furthermore, f{d/R) can be approximated, with better than 6% accuracy for 6/R in the range
from 10 to 0.3, by:

s 5\—2.827 5\~ 183
f(3)=011(3) +18(7) (S9)
Substituting shear stress, T = ny, provides:
372H, s —-2.827 5 -1.83
e [0.11 (2) +18(3) ] (S10)

Using the highest measured lift for each brush (Fig. S5), the elasticity values computed with Eq. S10
were 4 Pa (HA840-1), 40 Pa (HA840-h) and 11 kPa (HAS8). These values agree rather well with the
elasticities computed through Eq. 3 (Fig. 4d), validating the analysis of elastohydrodynamic lift as an
alternative method to determine the elasticity of soft brushes with appreciable lift.
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Figure S5. Lift (equal to the bead-wall distance after subtraction of the bead-wall distance at rest) on soft HA
brushes (HAdp15 (blue), HA50 (magenta), HA840-h (green), HA840-1 (orange)) measured by tracking the motion
of uncoated microbeads in 3 dimensions with RICM under increasing wall shear stresses. Error bars show standard
errors of the mean, which are typically smaller than the symbol size. For each shear stress ~20 beads were analysed.
Data for polymer films taken from [4].
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S1.7 CD44+ bead char acterisation by flow cytometry

In order to estimate the density of CD44 on SuperAvidin (SuAv) beads, the biotin binding capacity of
the beads was first established. SuAv coated 15 um beads were functionalised with biotinylated-
fluorescein (bFITC; Mw = 732.8; Thermofisher Scientific, France) and analysed by flow cytometry (Fig.
S6a, red dataset). The bFITC saturation curve had a plateau at an intensity at I5arc = 832 + 242. The
incubation concentration of bFITC required for saturation was 266 nM, which under the incubation
conditions here (reaction volume of 50 pL and bead concentration of 0.5% (w/v)) gives a biotin binding
capacity of 40 ng of bFITC per mg of beads. This value is in good agreement with the biotin-binding
capacity of 16 ng/mg reported by the supplier; slight differences are likely due to experimental
conditions, in which we examined a range of concentrations rather than an exact titration. From the
provider’s value for the biotin binding capacity, we compute a surface density at saturation of bFITC of
piat = 32000 molecules/um?.

Using the bFITC data as a reference for the density of sites available on the beads provides a
comparison with bCD44 coated beads. As shown in Fig. S6a, the bCD44 fluorescence level was much
lower than that of bFITC. This is despite the fact that IM7-FITC used to detect bCD44 has 3-7 FITC
moieties compared to bFITC possessing just 1 fluorescein moiety, according to supplier information.
We hypothesize that 15 pm beads show lower bCD44 coverage than b-fluorescein due to steric
hindrance of larger bCD44 (~60 kDa) binding to SuAv compared to the very small bFITC (732.8 Da).
To account for the difference in FITC stoichiometry, and to relate IM7-FITC fluorescence values to
surface density of CD44, we normalise the raw level of fluorescence of IM7-FITC by dividing it by a
factor of 5 (the average of 3 to 7 moieties per IM7-FITC molecule), to derive comparable data with
bFITC. The surface density of CD44 (pucpas) is then computed from the normalised IM7-FITC
fluorescence intensity (I Firc) as:

sat_HM7-fitc
Pbcpas = PhFITC ~sat (S11)
bFITC

This produced the data in Fig. S6b.
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Figure S6: Characterisation of binding site density on CD44+ beads. (a) bFITC and bCD44 saturation curves of
15 um SuAv beads. (b) Estimation of binding site density on CD44+ beads from fluorescence intensity. Error bars
show rSD (normalised robust standard deviation from BD FACSDiva Software, x axis data) and calculated relative
errors (y axis data). Data were measured on a LSRII flow cytometer with a FITC voltage of 400, and 10000 events
per sample.
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S1.8 3D tracking of beadswith RICM

A schematic representation of the determination of the 3D trajectory of beads using RICM is shown in
Fig. S7. First, the location of the bead centre was estimated in two dimensions using an iterative
algorithm based on the symmetry of the RICM pattern: a window for pattern analysis was approximately
centred around the bead, manually for the first time point of the sequence (red square in Fig. S7). This
sub-image /m1 was then flipped with respect to its centre, yielding image /m2, and the correlation of
two resulting images was calculated. This calculation is performed as FT~1(FT(Im1) X FT(Im2)*),
where * denotes complex conjugation and TF is the Fourier Transform operation: using Fourier
Transform operation ensures that the tracking can be achieved at high speed, hence allowing high-
throughput analysis. The resulting cross-correlation image indicates, for all relative displacements of
Iml and Im2, how well they are superimposed. It exhibits a peak that corresponds to their best
superposition displaced from its centre by a distance [2x,2y] equal to twice the distance between the
centre of the RICM pattern and that of the initial (red) window. x and y are then estimated with subpixel
resolution by fitting the inter-correlation peak (parabolic fit on 5 x 5 points around the peak), which
knowing the coordinates of the red window in the initial image provides the 2D coordinates of the bead
in image n. For image n + 1, the window is centred around this estimated coordinate and the process is
iterated, finally providing the in-plane trajectory of the bead. This method ensures that the bead can be
tracked even if its RICM pattern changes due to a change in height, provided that the displacement
between two images is smaller than half the size of the window. In the program the window size can be
adjusted for the tracking of beads that cover a range of displacements between each frame.

For each time point, once the centre of the RICM pattern is determined, the pattern is
azimuthally averaged to provide an experimental I(r) curve (with » the distance from the bead centre)
that is fitted using Equations S1 and S2. h(0) is extracted from the difference in phase of the centre of
the pattern (at r = 0) between the image of interest and a reference image at rest in the absence of an
HA brush.
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Figure S7: 3D tracking of beads in RICM images. This figure illustrates the procedure applied at each time point,
which provides the in-plane position and subsequently the out-of-plane position of the bead. When iterating over
the whole time sequence, one obtains the xy-trajectory with the former and the z-trajectory from the latter.
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S1.9 Estimating the precision of in-planetracking of beads

To estimate the precision of our tracking procedure in the xy plane, we recorded time sequences of non-
interacting beads hovering above a SAv layer (5 beads) and a HA840-h brush (5 beads) in the absence
of flow. The beads exhibit Brownian motion that can be characterized by plotting their mean square
displacement (MSD), <r(¢ + 1) - »(£)> (where r denotes the in-plane displacement between times ¢ and ¢
+ 1, and <> is the average over the whole trajectory, i.e. over f), as a function of the time interval t (Fig.
S8). In the absence of flow the resulting curve should be linear with a slope 4D, where D is the diffusion
coefficient of the sphere in the medium. Here, we measured D = 3.7x10™* m?.s™!, slightly lower than the
theoretical value (5.8x10"'* m?.s™) as expected for a bead hovering close to a wall. Compared to the
theoretical prediction of a linear curve, however, experimental data points when excluding t = 0 exhibit
a constant offset, so that the data can be fitted instead by MSD(t) = Ar + 4 D 1, where Ar is the precision
of the bead tracking with our algorithm. With this method, we find Ar = 5.5 = 1 nm rms, highlighting
the good precision of our tracking procedure.

It can be noted also that the value of the diffusion coefficient can be used to estimate the
fluctuations of velocity that are expected to be observed for 15 pm diameter beads tracked at 100 Hz:
these fluctuations should have a standard deviation of the order of 2 to 3 pm.s™', which corresponds to
experimental observations on non-interacting beads under flow (see Fig. 6a, black dots). This confirms
that the fluctuations observed on bead trajectories under flow are due to Brownian motion or interactions
with the substrate rather than to the precision limit of the tracking.
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Figure S8: Estimation of the tracking precision in the xy plane from RICM images. 25 s trajectories were acquired
at 100 Hz (2500 images) for 10 different 15-pum-diameter beads resting on a SAv layer (5 beads) or a HA840-h
brush (5 beads). Gray symbols are MSDs of individual beads while the black dots are the ensemble average over
the 10 beads. The red line is a linear fit excluding the data point at time interval T = 0, and does not pass through
point (0,0) due to the precision error, which can be graphically evaluated as square root of the distance at Tt =0
between the red line and the black dot.
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