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ABSTRACT: The interaction between a biological membrane and its environment is a complex process, as it involves multivalent
binding between ligand/receptor pairs, which can self-organise in patches. Any description of the specific binding of biomolecules
to membranes must account for the key characteristics of multivalent binding, namely its unique ability to discriminate sharply
between high and low receptor densities (superselectivity), but also for the effect of the lateral mobility of membrane-ipsund rece
tors to cluster upon binding. Here we present an experimental model system that allows us to compare systematically the effects of
multivalent interactions on fluid and immobile surfaces. A crucial feature of our model system is that it allows us to control the
membrane surface chemistry, the properties of the multivalent binder and the binding affinity. We find that multivalent probes
retain their superselective binding behaviour at fluid interfaces. Supported by numerical simulations, we demonstrate that, as a
consequence of receptor clustering, superselective binding is enhanced and shifted to lower receptor densities at fluid interfaces. To
translate our findings into a simple, predictive tool, we propose an analytical model that enables rapid predictions of how the su-
perselective binding behavior is affected by the lateral receptor mobility as a function of the physico-chemical characteristics of the
multivalent probe. We believe that our model, which captures the key physical mechanisms underpinning multivalent binding to
biological membranes, will greatly facilitate the rational design of nanoprobes for the superselective targeting of cells.

INTRODUCTION position and binding propensity markedly differ from the rest
Multivalent binding is ubiquitous in nature, where of the biointerfacé®'® Thus activatd receptors are involved
biospecific recognition is often based on multipliey- in sensingandsignalling, taking place in a diversity of cellular

and/receptor pair interactionsAs compared to monovaie processes such as adhesibohemotaxig;"* inflammation,?*
binding, it provideshe combination of strong adhesion (due to immune respon$éand secretiof®’ The lateral diffusion, the
collective behavior) and reversibility (through disassembling local density and the total number of activated receptors con-
multiple bonds one by oné)This makes biological systems tribute to a fine-regulation of these various biologicad-re
sensitive to environmental changes, diagnaatidtherapeutic ~ ponses. Therefore, identifying the relationship betweem-
exposure$;” while offering chemists an efficient totd de- brane fluidity, multivalent recognitioandclustering is crucial
velopwell-organizedand stimuli-responsive nanostructures.  for the understanding and control of biological systems.
Moreover, it has been demonstrated that multivalent probes At present the role of the lateral mobility of receptors is far
are superselective, i.e., they are able to sharply discrieinat from clear On the level of a single multivalent prabi¢ has
between small differences in the density of surface biffders. been proposed that a fluid surface is more efficient in rhedia
Furthermorgeonecandesign multivalent probes such that they ing multivalent binding as compared &m immobile surface
target a desired binder densifywhich represents an attractive with the same binder densfteven at the cost of entropic
strategy for biomedicine because it adds a new dimension tdosses resulting fronthe concomitant lateral translatiofs.

the discrinination of different cell type$. More recent theoretical studies performaa molecular e-
Although differentdeterminants of multivalent binding have sembles suggest that the number of surface-bound multivalent
been identified such as the den&ityandthe affinity'***>*’ of probeé® and the induced surface clusterfiiglepend supra-
surface binders, the siZé*and the concentratidit! of adre- linearly on the density of surface binde@n the experimental
sive objects, very little is known about the role of lateral mo- side, it has been proposed that lateral mobility may affect the
bility and clusteringMembrane fluidity constitutean intrin- stability of multivalent anchoring to the surfitas well as its

sic property of any cell surfacéBesidesmembrane receptors ~ dependence on the density of surface binding SitBespite
that are activated via multivalent interactions are kndevn  this progress there is no unified picture that would allow one
create submicrometer-sized assemblies, whose structume, co to predict the behavior of a given multivalent probe (iih a
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certain size, valency and concentration) at a given fluid-inte
face (i.e.with a certain binder density and affinity). Moreoyver

mg, 7.32x10 mol, 1 equivalent) was dissolved in 10 mL of
dry DMF followed by successive addition of DIEA (10 mg,

none of the reported theoretical predictions has been assess&i05x10° mol, 1.1 equivalents), HOBt (20 mg, 14.64%10

experimentally. Either the immobilization of binder moieties
limited biomimicrn*%*%*% or the experimental control over
lateral displacements was lackiHg*>*’

Here we present an experimental model system atigwo
probe the role of lateral mobility in a quantitative and syste
atic way. The model is based on streptavidin/biotin reeogn
tion coupled to multivalent host/guest interactions betwaeen
linear polymerand a surface The biopolymer hyaluronan
(HA) with chemically grafted hosts is used as a modelimult
valent probe. The choice of Hi& motivated by its ubiquitous
presence in extracellular matrix of vertebrates, and its bi
compatibility and use in biomedical applicatichg’ Guests

mol, 2 equivalents), DIC (37 mg, 29.29%16nol, 4 equia-
lents) and 1-adamantaneacetic acid (28 mg, 14.64r1d), 2
equivalents The resulting 15 mL mixture was stirred under
N, for 24 h. After evaporation of ~ 80 % DMF, the residue
was poured into diethyl ether. The collected precipitate was
dissolved in methanol, purified via column chromatography
(ethyl acetate:methanol = 9:1) and dried to give the final prod-
uct (30 mg, 48% yield The chemical shiftg (in ppm) for'H
NMR (D,0O, 500 MHz, 298 K) corresponding to the characte
istic signal intensities are: 1.30-1.40 (m,,2H-CH,- of the
biotin tail), 1.45-1.75 (m, 4H, 2GH,- of the bidin tail; 12H, 6
-CH,- of adamantane), 1.80-2.00 (m, 5H,QH,- and 3 -CH-

are anchored to the surface via specific and highly stable strepof adamantane), 2.15-2.25 2H, 1 -CH,- of the biotin tail),
tavidin/biotin recognition. This enables the same anchorage2.65-2.78 (d, 1H,GH,- of the biotin head), 2.85-3.00 (dd, 1H,

biochemistry to be applied for fluid surfaces (supported lipid

-CHy- of the biotin head), 3.20-3.40 (m, 1KGH- of the biotin

bilayers, SLBs) and for immobile surfaces (self-assembledhead; 4H, 2 GH,- of OEG), 3.49-3.72 (m, 36H, 1&H,- of

monolayers, SAMs), thus allowing one to switch lateral frobi

OEG), 4.28-4.43 (mlH, -CH- of the biotin head), 4.50-4.57

ity on/off. SLBs and SAMs were chosen because of their wide (M, 1H, CH- of the biotin head). m/z found in TORS-ES+

use in surface engineering, well-established and tighthy co
trolled conjugation chemistries and compatibility with various
characterization techniqué&:°***°we use this experimental

is 876.31 while [M+NH,]" calculated for GH7,N,OS is
876.54.

Formation of b-SAMs and b-SLBs. Biotinylated self-

model to study how the main characteristics of multivalent assembled monolayers (b-SAMs) were formed on gold-coated
binding, in particular its superselectivity, are influenced by the QCM-D sensors and silicon wafeesd supported lipid bilg-

presence of laterally mobile bindeasd how this effect d-

ers (b-SLBs) were formed on silica-coated QCM-D sensors

pends on the characteristics of the multivalent probe. Coupledand on silicon wafers, following previously developed proto-
to numerical simulations and analytical modelling, our study cols®’ These protocols were also adapted on glass cover slips.

sheds light on the physical mechanisms underpinning spe
lective multivalent binding at fluid interfaces.

EXPERIMENTAL SECTION

Materials. HS-(CH,);-EG,-OH (EG - ethylene glycol)
and HS-(CH),;-EG¢-biotin were purchased from Prochimia
(Sopot, Poland). Dioleoylphosphatidylcholine (DOPC) and
dioleoylphospatidylethanolamine-CAP-biotin  (DOPE-CAP-
biotin) were purchased from Avanti Polar Lipids (Alabaster,
AL). 1-Adamantaneacetic acid, @-aminoethyl)O'-[2-
(biotinylamino)ethyl]octaethylene glycol (b-OEG, OEG
oligo-EG), streptavidin from Streptomyces avidinii (SAv,,M
~ 60 kDa), atto565-labeled streptavidin (SAv-atto565)N-
diisopropylethylamine (DIEA), hydroxybenzotriazole (HOB)
and N,N-diisopropylcarbodiimide (DIC) were purchased from
Sigma-Aldrich. Hyaluronan (HA) with a weight-averaged
molecular mass | = 357 kDa was modifiedwith (-
cyclodextrin $-CD) by derivatizing the HA hydroxyl groups
with a degree of substitution R&, = 21%; the synthesis has
been described previousfyand the average molecular mass
of HA-B-CD is M, = 601 kDa. Glass coverslips (24 x 24 fjim
were purchased from Menz€liaser (Braunschweig, Geam
ny). Silicon wafers with a native oxide film were purchased
from University Wafer (Boston, MA). Silicon wafers with an

Coverslips were first cleaned byhlimmersion ina freshly
prepared piranha solution {8:H,SO, = 1:3) followed by
thorough water rinsingTo form bSAMs, a thin gold layer
(0.5 nm adhesive Ti followed by 5 nm Au) was then deposited
on clean glass coverslips using a magnetron sputter system
(ATC 1800 UHV; AJA International, Scituate, MA)JThe
subsequent surface chemistmas the same as in the case of
QCM-D sensors coated with gold (for b-SAMs) or silica (for
b-SLBs)®* The biotin content was fixed to 1% for b-SAMs
(HS-(CH,)11-EG4-OH:HS(CH,)1,-EG¢-biotin = 99:1) and to
0.6% for b-SLBs (DOPC:DOPE-CAP-biotin = 165:1). The
quality of the formed coatingwas verified by contact angle
(b-SAMs) or QCMD (b-SLBs) measurements as described
previously*

Fluorescence recovery after photobleaching (FRAP)
measurements were performeith a confocal laser scanning
microscope (LSM 700; Zeiss, Germany) using a plan-
apochromat 63x/1.4 oil immersion objective aad55 nm
laser. Cleaned glass coverslips (for b-SLBs) or gold-coated
glass coverslips functionalized ex situ with b-SAMs were used
as substrates. Picodent glue (Wipperfirth, Germany) was used
to attach the substratés a custom-made Teflon holder. The
surface functionalization was performed in batch mode inside

opaque gold coating were purchased from BT Electronics (Lesthe Teflon wells (volume =50 pL). Atto565-labeled SAv

Ulis, France). 4.95 MHz QCM-D sensors coated with gold
(QSX301) or silica (QSX303) were purchased from Biolin
Scientific (Véastra Frélunde&Sweden). A working buffer made

served as a reporter of the lateral mobilitytled SAv-bound
b-OEGAD. SAv-atto565, b-OEGD and HA$-CD were
incubated at 10, 20 and 50 pg/mL for 30, 20 and 60 rain, r

of 10 mM HEPES, pH 7.4 and 150 mM NaCl was used for all spectively. The excess of each molecule was removed after

measurements. All experiments were performed at room te
perature.
Synthesis of b-OEG-AD. A bi-functional OEG linker

each incubation step by repeated dilutiovith the working
buffer. After acquiring 3 pre-bleach images, a circular region
(diameter = 2Qum) was bleached via exposure to high laser

bearing bitin at one end and adamantane at the other (b-OEG-ntensity for several seconds. The fluorescence recovery due to

AD) was synthesized througim acid-amine coupling between
1l-adamantaneacetic achdb-OEG To this end, b-OEG (50

lateral diffusion of bleached and unbleached SAv-atto565 was
monitored through acquisition of post-bleach images over a



period of 10-15 min. The acquired images were analyzed acm’/g for HA-B-CD.2**"ng, is the refractive index of the bulk

described previousl¥, using a custom-made time-resolved
profile analysis algorithfi implemented in Matlab. Briefly

solution, anch andn, were set to have the same wavelength
dependence.

each image was corrected for background fluorescence, spatial Quartz crystal microbalance with dissipation moni-
aberrations and intensity fluctuations and radially averaged.toring (QCM-D) measurements were performed in flow
The obtained intensity profiles were compared with numerical ode at a flow rate of 20 uL/min using a Q-Sense E4 system

solutions of a diffusion equation for a model wéhmobile
fraction and an immobile fraction. The size of the mobile
fraction and its diffusion constant were fitted via globalimin

equipped with four Q-Sense Flow Modules (Biolin Scientific).
Silica-coated sensors (for b-SLBs) or gold-coated sensors
(functionalized ex sitwvith b-SAMs) were used as substrates

mization of the root-mean-square (rms) differences betweengefore injection, SAyb-OEGAD/b-OEG andHA constructs

numerical predictions and experimentasploleach profiles.

Spectroscopic ellipsometry (SE) measurements were
performed on silicon wafers with a native oxide film (for b-
SLBs) or with a gold coating (functionalized ex situ with b-
SAMs) using a spectroscopic rotating compensator
ellipsometer (M2000V; J. A. Woollam, Lincoln, NE) and a
custom-made open cuvette (volum@50 pL) equipped with a
magnetic stirrer foliquid homogenization and connections to
tubings for liquid flow. Sample incubations were performed in

were dissolved in working buffer to 10, 20 and 50 pg/mL,
respectively. Overtones j =3, 5, 7, 9, 11, and 13 were recorded
in addition to the fundamental resonance frequency (4.95
MHz). Changes in dissipation (AD) and normalized frequengy

Af = Afifj, for j = 7 are presented; all other overtones would
have provided qualitatively equivalent information.

RESULTSAND DISCUSSION
Experimental analysis. Our goal was to establish how in-

batch mode by |nJect|ng concentrated Samples d"'ectly into theterface f|UIdIty influences multivalent reCOgnitiOn. We focused

buffer-filled cuvette under stirring. SAand HA-B-CD were
incubated at 10 and 50 pg/mL, respectively. b-OHBwas

on the amount of the bound multivalent protie stability of
binding, and selectivity in the recognition of the density of

diluted with b-OEG at desired molar ratios (between 0 and 100Surface binders (superselectivity). To this end, we develaped
%) and injected at a total concentration of 20 pg/mL. Rinsing Well-defined model interaction system that alémhquantia-
in working buffer was performed in flow mode at a flow rate tive tuning of the density of surface binders with surfaces

of 0.5 mL/min. The ellipsometric angles and ¥ were ac-
quired over a wavelength range from A = 380 to 1000 nm, at
an angle of incidence of 70°. The refractive ind€x) rand

designed such that binders were either laterally mobile or
immobile. Particular care was taken to keep the chemistry of
surface binder anchorage identical on the fluid and immobile

optical thickness d of the adsorbed film were determined byinterfaces, and to avoid any non-specific interactions of the
fitting the ellipsometric data to a multilayer model using the Multivalent probe with the surface.

software CompleteEASE (J. A. Woollai).The adsorbed
organic mass per unit area I' was determined as:

I'=d(n —ng,)/(dn/dc) 1
which is equivalent to de Feijter’s equation,®® with refractive
index increments ddc = 0.180cm3/g for SAv, and 0.150
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Model design. Theexperimental model is based on
host/guest  supramolecular chemistry combined with
biospecific streptavidin (SAv) / biotin (b) interactions (Fig. 1)
The surface fluiditywas set to OFF o©ON with biotinylated
self-assembled monolayers (b-SAMs; immobile, Fig. @A)
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Figure 1. Experimental model system to study the role of lateral mobility in multivalent binding. A comparative studyas conducted

on immobile (b-SAM, A) and fluid (b-SLB, B) surfaces. The main surface functionalization steps included: (inthtalipation of SAv

on b-SAM or b-SLB(ii) the adsorption of b-OE@D and (ii) the characterization of multivalent HACD binding. Lateral mobility and
clustering of surface binding sites are schematically shown by arrows (B). The chemical structures of key molecules are alsh: shown in
SAv (ribbon diagram, each of the four monomers in distinct palith biotins (ball-and-stick model) attached tofitsir binding pockets

with pairwise arrangement in cis and trans when located on the same or opposite faces, respectively, of the tetramidd; (biOHG-
(EG)-adamantanel); HA-B-CD (DS = 21 %, M = 601 kDa;2). The red frame highlights the characteristics of multivalent binding
whose dependence on lateral mobilitgs studied.



Table 1. The characteristics of the model multivalent
probe: degree of substitution tinD (DSi.cp), average mo-
lecular weight of HAB-CD (M,**P), average number @
CDs per polymer chain (valencygdp), average polymer
contour length between adjaceftCDs (ly.cp), B-CD/AD
affinity (Kg), polymer radius of gyration QFQE'I"CD) and poy-
mer concentration (@.s-cp)-

Paameter Value
DSucn? 21 %
M, AFCP A 601 kDa
No.cp ™ 187
lo.cp® 5nm
HA-B-CD c) 45 nm
Kq© 10 uM (11.5 KT)
CHA-8-CD 120 nM

from the amide bond of biotin to the b-SI(B-SAM) surface

is in the range from 2.6 to 3.2 nm, depending on SAv aient
tion,*’and thus the OEG linker is too short, even in the fully
stretched conformation, for AD to be able to reach the hydro-
phobic regions within the SLB or SAM. A similar surface
chemistry was successfully applied to lipid vesicles, which
additionally supports the efficiency ¢fCD/AD interactions

in our modef*

Model characterizationWe ascertained successful paep
ration of the model surfaces with a set of surface analysis
techniques. Spectroscopic ellipsometry (SE) was used t& qua
tify the surface density of macromolecules, fluoresceree r
covery after photobleaching (FRAP) to probe their lateral
mobility, and quartz crystal microbalance (QCM-D)verify
binding specificity.

3 Determined based on the weight-averaged molecular weight of The average AD surface densify,) could not be mes

HA (357 kDa) and NMR analysis of the synthesized p1&D;*°
®) calculated based on the determineg™M° and D$cp; ©
taken from previous studiés®

supported lipid bilayers (b-SLBs; fluid, Fig. 1B), respectively.

The surfaces were functionalized with the guest adamantan

(AD). To this end, an adamantane derivative with a flexible
linker and biotin (b-OEGAD) was synthesizedl(in Fig. 1;

see experimental part for the synthesis), and linked to the
biotinylated surface via tetravalent SAv. As multivalent probes

we used HA to which the hoftCD was conjugated at sed
fined valency (HAB-CD, 2 in Fig. 1; synthesis has beea-d
scribed elsewhet®. The main characteristics of HB-CD are
summarized in Table 1.

The B-CD/guest chemistry was shown to be an excellent

model for multivalent binding, mainly due to its wide affinity
range (K = 0.01-10 mM) and well-developed conjugation
chemistrie™ In addition, the chemical nature ¢¥CD

proved to be efficient in suppressing undesired non-specific

polymer/polymer and polymer/surface interactidige thee-
fore focused on a configuration whey€CD is grafted to HA
while hydrophobic guests are attached to SAMs and SLBs.

The use of a SAv interlayer proved to be beneficial in that it

ured directly by SE because of the low molecular weight of b-
OEG-AD. Insteadjt was quantified as:

FAD = FSAV X b X X (2)
whereTs,, is the SAv surface density; b is the SAv residual

é/alency, i.e. the average number of biotin-binding sites that

remain per SAv after its attachment to the surfaces the
molar b-OEGAD/b-OEG ratio on the surfacevhere b-&G

(the precursor for the synthesis of b-OBG) is used a a
diluting agent to tune thAD surface density. Assuming the
binding of the molecules being mass transport limited, x was
determined asc = (1y_ogc/"—orc-ap)?/°> X x', where r is
the hydrodynamic radius of the molecule andsxhe molar b-
OEG-AD/b-OEG ratio in solution. With estimated r = 0.52 nm
for b-OEG and 0.58 nm for b-OEGD,* we findx = 0.93 x’
implying that the mixing ratio on the surface is close to that in
the solutionIg,, was measured by SE, and b was alsordete
mined by SE using a biotinylated reporter probe (Supporting
Fig. S1). This analysis showed that SAv binds to two biotins
on 1 % b-SAMs (b = 1.96 + 0.03) and to between two and
three biotins on 0.6% b-SLBs (b 1.50 + 0.05). This is in
good agreement with previous work where we had analyzed
the residual valency more systematically for b-SAMs and b-

facilitated the anchorage of AD on SAMs and SLBs using the Table 2. The characteristics of the model surfaces; biotin-
same surface chemistry. Initially, we tested direct covalent biotin root-mean-squareris) distance ¢)), surface density of

attachment of AD via azide/alkyne click chemistfybut this

SAv ([say), SAV-SAv rms distance 4},), residual valency of

approach led to low functionality on SLBs (data not shown). the adsorbed SAv (b), maximal surface density of guests
We attribute this to the tendency of hydrophobic guests to(I'xx™, size and the diffusion constant of the mobile fraction.
embed inside the amphiphilic lipid bilayer, as indeed pressiou The determined experimentally values are presented as mean *
ly reported for different hydrophobic molecufés? The s@- standard error.

tial separation between AD and SLB afforded by the SAv 1.0% b-

interlayer effectively prevents this undesired effect. Parameter SAM 0.6% b-SLB
Special attention was paid to the molecular composition of || nm?® 53 10.0

the surface coatings. First, we used OEG as a backbone for,, pmol/cnf 3.36+0.15 1.75+0.09

SAMs and phosphatidylcholine avackground lipid, because |, “nm® 7.0+0.2 9.7+0.3

these effectively suppress undesired nonspecific binding to the, < 1.96+0.03 1.50+0.05

surfaced:®*° Secondwe carefully adjusted the biotin-content - max pmol/cnt © 6.6+04 26+02

of b-SAMs and b-SLBs. With .0 % b-SAMs, stable and  \jchid fraction. %) <1 84+1

closeto-maximal SAv binding was achieved and the residual Diffusion constant,um?/s

density of free biotins (after SAv binding) was negligiffle. ' 0.86 £0.01

This provided a maximal dynamic range of AD surface dens
ties whilst avoiding undesirgséCD/biotin interactiond® With
0.6 % b-SLBs, approximately half-maximal SAv coverage
was achieved which avoided excessive crowding thus afto
ing SAv diffusion along the surface. Third, we fixed theco
tour length of the flexible OEG linkén b-OEG-AD to 2.5 nm
(9 EG units). This ensured good AD accessibility fe€D lated ad 12 = Ia, X b (x = 1);" determined by FRAP through
binding, but effectively preveed immersion ofAD into the time-resolved profile analys{see experimental section).
hydrophobic part of the SLB. Indeed, the estimated distance

4

¥ Calculated assuming the molar fraction of biotinylatel th
ols/lipids present on the surface is identical to the molar fraction
in the solution from which ISAMs/b-SLBs are assembted
determined by SE (& 7); © calculated fronTsa,; @ determined

by SE (n = 2) using biotinylated reporter probes as described
previously, with corresponding data shown in Fig.3%®;cala-
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Figure 2. FRAP characterization of surface fluidity. SAv-atto565 serves as a reporter of the lateral mobility of the surface-bound b-
OEG-AD. Measurements are performed at the interface of the solid substrates coated with the organic films and the working buffer (see
experimental section for sample preparation). Bleaching is done by exposure of a circular region to high laser insensitglfeeconds.

(A) Representative micrographs taken before and after photobleaching of b-SLBs (i) and b-SAMSs (iii). In the case of b-SkBs, the m
urement was repeated after the successive adsorption of PADE&= 1) and HAB-CD (ii). (B) Kinetics of the fluorescence recovery

through lateral diffusion of SAv-atto565. The fluorescence intensity of the bleached spot, normalized against the fluorescenoé intensity
non-bleached region of the same size (to correct for bleaching during image acquisition and drift effects) and background corrected for
unbleached fluorescence (estimated from (iii)), is plotted versus@h&chematics of the three studied systems together with the FRAP
setup.

SLBs and demonstrated that SAv can bind in several distinctsent approximately at 1:1 ratio on 0.6% b-SLBs (Table 2)
orientations on thee surfaces: divalenin cis or trans (where  suggesting that long range motion (over the um range probed
this refers to the arrangement of biotin-binding sites in SAv) by FRAP) is effectively inhibited for divalent but not moaev
and trivalent® The maximal AD surface densities (x = 1) were lent surface binders by attachment of polyvaléAtp-CD.
found to be 6.6 pmol/cfron b-SAMs and 2.6 pmol/chon b- Additional control measurements by QGM (Supporting
SLBs. We note that in our model, the minimal AD-AD spa  Fig. S3) showed that b-OEG-AD does not bind to b-SLBs/b-
ing (Iap) is limited to the distance between the adjacent biotin- SAMs lacking SAv, or to SAv monolayers lacking free bind-
binding sites of SAvwhich corresponds to 2.8nd3.5 nm for ing sites for biotin. These results demonstrate that b-BBG-
SAv bound to biotinylated surfaces in divalent cis and divalent binds to our model surfaces through specific biotin/SAwrinte
trans orientation’ We also point out that the dilution of b-  actions, which provides us with quantitative control on the AD
OEG-AD (0 < x < 1) results in a reduced effective valency, surface density.
meaning that a mix of SAv complexes with 0, 1 or 2 ADs are  The specificity of multivalent recognition was also clara
present on both immobile and fluid surfaces. Table 2 satmm  terized. To this end, we monitored by Q@Mthe binding of
rizes the main characteristics of the model surfaces. SAv, b-OEGAD and several HA constructs (HA, HAand

A fluorescent SAv was used with otherwise unalterad su HA-B-CD) to b-SAMs and b-SLBs (Supporting Fi§4). HA
face preparation to test the fluidity of the model surfaces byand HA, are the precursors for the synthesis of p&D,
FRAP (Fig. 2). Closge-complete fluorescence recovery was non-modified and modified with pentenoate, respectively.
observed on b-SLBs (Fig. 2, sample i) whereas there was ndThe obtained QCM-D data revealed strong interactien b
recovery on b-SAMs (Fig. 2, sample iii), confirming the-di  tween HA-B-CD and SAMs/SLBs displaying AD whereas
tinct fluid and immobile states of these two interfaces. Quant binding between HA lacking-CD and SAMs/SLBs dispia
tative analysis yieldeé mobile fraction of 84+ 1 % anda ing AD, andbetweerHA-B-CD and SAMs/SLBs lacking AD
diffusion constant of 0.86 + 0.0im?/s for SAv on the SLBs  was virtually absent except for a minor amount (just above the
(Table 2), and FRAP characteristics were found essentiallydetection limit) of reversible bindingBy SE we measured
unaltered when AD was bound to SAv (Supporting Fig. S2) residual responsesat 0 of approximately 1.7 fmol/chHA-
This validates the use of SAatto565 as a reporter probe for B-CD on SLBs and 3.3 fmol/chon SAMs that were revers
the lateral mobility of AD. Remarkably, a drastic decrease of ble upon rinsing with bufferthese might in part be due to
FRAP kinetics was detected after the additionH#-p-CD minimal changes in the refractive index of the bulk solution
(Fig. 2, sample ii), indicating a strongultivalent binding during HA-B-CD incubation affecting the data analysis. In
betweenthe polymer and the fluid surfacA. decrease in the  contrast, up to 60 fmol/cmwere observed with AD (vide
mobile fractionto 40 + 1 % and a reduction in tdffusion infra). These results demonstrate that BAD binding to our
constanto 0.15+ 0.01pum?/s suggest that approximately half model surfaces has a very low contribution of non-specific
of the SAv (with bound ADs) slow down while the other half binding and thus is mediated essentially by spepi@D/AD
is effectively immobile after HA3-CD binding over the tim- interactions.
scale probed. These two fractions can be attributed to ADS Effect of lateral mobility on binding efficiency and

bound to SAv with residual valencies 1 and 2 which aee pr - syperselectivityHaving established the quality of the model
5
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Figure 3. Effect of surface fluidity on superselective binding — experimental data. Examples of binding curves obtained by SE for

SAv, b-OEG-AD andHA-B-CD onab-SAM (A, x = 0.5) ancab-SLB (B, x= 1). Surface densities, I'say, I'ap and I'ya.p.cp, are showrin

inset tables as mean + error, where the latter is the sum of the detection limit of the SE setup’(andécreproducibility error of 5%

that was estimated from 8 (for b-SLB) and 7 (for b-SAM) measureménts,, (see Table 2). (C) Experimental characterization offHA-

CD selectivity to I'ap-presenting surfaces (log-log scal€jrves presented in (A) and (B) correspond to the two rightmost data points. For
the lowest I'ya-p.co, ONly an upper limit is given, corresponding to the sensitivity of the SE setup. Dashed lines are guides for the eyes.
Slopes corresponding to oo = 1, 2, and 3 are shown to facilitate data interpretation. The inset shows the percentage of specifically bound
HA-B-CD that subsequently detaches from the surface during buffer rinsing. The charactetitfied-6D and model surfaces are listed

in Tables 1 and 2, respectively. (D) Schematic representation of superselective bindin@-aflH#-a laterally mobile b-SLB function-

alized with SAv and b-OE@D, together with the SE setup.

systems we quantified by SE how the amount of the bound

multivalent probe and the stability of its anchoring to the su
face depend on the surface fluidity and the density of the su

_ dT'ya_g—cp/THA-B-CD

= dTap/ T =dln FHA—B—CD/d InTyp (3)
AD/ 1 AD
When o exceeds 1, HB-CD binding increases faster-than-

face binders. Each SE experiment comprised: SAv attachmentinearly with AD density:

to the biotinylated surface, SAv conjugation with b-OBB-
and HA-B-CD binding for 2 h; each step being followed by
thorough buffer rinsing. Two parameters were variedeind
pendently: AD lateral mobility was either OFF (b-SAMSs) or
ON (b-SLBs), and the AD surface density was tuned (by-dilu
ing b-OEG-AD with b-OEG 0 < x < 1). Example binding data
are shown in Fig. 3A for a b-SAM (x = 0.5) and in Fig. 3B for

Tha-g-cp % Tap (4)
and this defines the regime of superselective binding. The
steepest slopes in the log-log plot shown in Fig. 3C are larger
thana = 2, implying that the binding of HB-CD is indeed
superselective. Whilst this is in agreement with our previous
work on immobile surfaces® our current experiments
demonstrate that such superselective binding is essentially

a b-SLB (x = 1). From such measurements, we quantified theynaffected by surface fluidity. This is the most impartan

amount of HAB-CD (I'nap-co) that is specifically bound at
equilibrium (i.e., prior to rinsing and subtracting the minor
residual responses measured at 0)." The obtained Tha-p-co

values are shown in Fig. 3C as a function of AD surfaceidens
ty, and represent the most important experimental data of this

study.

Clearly, the surface fluidity does not affect the overall d
pendence of T'yap.cp on T'ap. On both b-SAMs and b-SLBs,
the strongest dependence waseelsl for I'xp between 0.05
and 0.2 pmol/c whilst HA-CD binding was below the
detection limit at lower guest surface densities and e d
pendence of I'yap.co on I'ap progressively decreased towards
higher ['ap.

In order to quantify the selectivity for the surface binder
density, the parameterhas been introduc&avhich measures

result of our study.
We also examined the stability of binding, which is ex-

pressed as the fraction HA-B-CD released upon rinsing, i,e.

Iacp-co/(Tha-p-cp + T4 p-cp), Where I§5is ¢p is the

amount of detachelA-B-CD (as forTya_p-cp. [iia-p_cp Was
corrected for non-specific bindingJhe obtained data shows
that the stability of HAB-CD anchoring is also largely ied
pendent of surface fluidity (Fig. 3C, insef)t high I'sp, bind-

ing was essentially irreversible with less than 10 % of thetac
ment,while the reversibility became pronouncediag < 0.3
pmol/cnt. We speculate that the reversible fraction comprises
mostly monovalent interactions with possible small contrib
tion from unfavorable multivalent bondse., when conforma-
tional entropic costs due to steric restrictions (at high reove

Sage) or insufficient AD density (at low coverage) are ndt ba
anced by the enthalpic gains through the complexation of one
or a fewp-CD/AD pairs.

the rate of the relative change of the number of bound object
with the relative increase in the density of surface binders, i.e.
in our case:
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Figure 4. Effect of surface fluidity on superselective binding - numerical simulations. (A) HA-B-CD bindingvs AD surface density
(log-log scale) for immobile (green) and fluid (blue) surfaces. Lines with symbols are predictions from simiattbrdata point repr

sents a single simulation run (fluid) or mean + SE calculated from 100 independent runs (ilnmitbikolid lines connecting data
points; higher statistics allowed to reduce the effect of random guest positions on polymer adabiptidn,, and thus improve the
reproducibility in the immobile case. For comparison, experimental data are also shown for immobile (red) éoyhfidisurfaces as
error bars (taken from Fig. 3C)B) Average valency of bindingyrdetermined through numerical simulations is plotied’sp. (C) o
extracted from the simulation data is plotiedl'sp. Conditions: polymer characteristics were fixed to thaHAfp-CD (Table 1); the
number of blobs per polymer gjrand the host/guest binding energy (F) were fixed to 20 angll;3dspectively, determined from piev

ous work onHA-B-CD binding;” the lateral size of the simulation box was=LL, = 5R"*7°P. (D) Representative side- and top-view
snapshots from the simulations for polymer binding to immobile (top row) and fluid (bottom row) surfaces. In the side views, chains of
blue blobs and cyan joints represent polymers with h@s&D), while red and green spheres correspond to non-bound and bound guests
(ADs), respectively. In the top views, only the guests are shown. The number of guests in the simulatigy) box ¢(heir corresponding
molar surface density'p), the number of bound polymers in the simulation bex fttp) and the average number of bonds per polymer
(ny) are indicated in each case.

Numerical simulations. The experimental data provided ploration of binding at very low guest surface densities (I'ap <
direct evidence that the superselective nature of pHZD 0.1 pmol/cni) where the experiments were limited by the
binding is essentially unaffected by surface fluidity, but could detection limit of SE. Remarkably, this revealed a pronounced
not reveal how HAB-CD binding affects the distribution of difference between the immobile and fluid cases. Fgy
AD on the surface and what the typical valency of interaction between 0.04 and 0.1 pmol/gnbinding was substantially (up
is. To address these guestions, we resorted to numerival co to several fold) larger on fluid surfaces (Fig. 4A). It is partic
puter simulations. larly interesting that the observed difference is in the opposite

Grand canonical Monte Carlo simulations were performed Sense as compared to high coverages, with a crossing between
using the soft blob model that we have described in previousthe two curves being locatedI3f, = 0.25 pmol/crfi The fact
work.'® This model explicitly considers the polymeric nature, that the two curves cross over suggests several bineing r
valency and size of HA-CD, and was here extended to fluid gimes, in which lateral mobility plays different roles. Based on
surfaces (see Supporting Methods for details). Ffam 4A, the simulation data, we have identified four distinct binding
one can see that the simulations allowed us to assess the effet@gimes (Fig. 4): at lowest and highest guest surface densities
of surface fluidity over a wider range Bfp as compared to  (Tap < 0.02 pmoként and T'ap > 3 pmol/cni, respectively, in
experiments. From the simulation data, we also extracted theour model), surface fluidity does not affect binding; at mede
average valency of interaction, ifthe average number of ate densities (0.02 pmol/énx I'np < 0.2 pmolicrf), surface
bonds formed per polymer) and the selectivity parameter fluidity enhances binding; at high densities (0.2 pmof/sm
(Eq. 3) as a function of T'sp (Fig. 4B-C). I'ao < 3 pmol/cni), surface fluidity reduces binding.

Relation between lateral mobility, multivalent recbgn ~In order to rationalize the existence of several bindig r
tion and clusteringGiven that the simulated curves were 9imes, we analyzed,vs I',p dependencies derived from the
obtained independently (i.e. not by fitting the present exper Simulation data (Fig. 4B). One can see that at the lowest and
mental data), they show rather good agreement with the-expe Nighest guest densities, the immobile and fluid cases behave
iments. In particular, the magnitude of binding is reproduced Similarly, with binding being essentially monovalent at low
well, and it is also notable that the slight reduction in binding guest densities and valencies reaching values of several 10s at
on fluid surfaces at high guest surface densitigg > 0.2 h|gh guest denS|t|e§_etv_veer_1 these extremes, t_here is a broad
pmol/cnf) and a transition to the opposite trend at moderate "€gion where the binding is essentially multivalent and the
guest densities (0.05 Ry, < 0.2 pmol/crfy), although barely number of f_ormed bonds per polymer is S|gn|f|cantl_y higher
noticeable in the experiments, are reproduced well by thefor the mobile guests. An increase of up to severalifoi,
simulations (Fig. 4A). Furthermore, simulations allowed ex- compared to immobile guests suggests that multivalent bind
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Figure 5. Distinct binding regimes occurring at different guest surface densities. Schematics show binding of host-modified polymers

to immobile and fluid surfaces displaying low (A), moderate (B) and high (C) guest surface densities. At low guest coveragedeal our m
system, Tap < 0.02 pmol/crf), binding is monovalent and the number of bound polymers is the same for immobile and fluid cases (linear
regime). At moderate guest coverage (0.02 < T'ap < 0.2 pmol/crf), binding becomes multivalent and recruitment of additional guests
occurs in the fluid case, which increases overall binding (local enrichment of guestigh guest coverage (Iap > 0.2 pmol/crfy), the

initially adsorbed polymers recruit most of the laterally mobile guests, which limits further multivalent interactions and thus decreases
overall binding (global depletion of guesta fourth regime of very high guest surface densities is not shown here, where steric exclusion
limits polymer binding and the number of bound polymers is again the same for immobile and fluid cases.

ing induces clustering on fluid surfaces. In order to visualize guest densities. In our model, these effects are reflected in the
the effect of lateral mobility on the 2D distribution of surface increase ofiy., from 3.2 to 4.0 and in the shift 62> from
binders, we extracted a series of simulation snapshots at modg.08 to 0.04 pmol/ctfor fluid vs immobile surfaces (Fig.
erate and high surface coverages (Fig. 4D). The obtained4C). Both effects can be understood when looking at the n
images show that the recruitment of mobile guests is indeeddependence on TI'ny (Fig. 4B). In the fluid case, the
accompanied by their clustering, the latter being clearly visible multivalency onset (> 1) appears earlier causing the transl
in the top views. tion of thea > 1 region to lower I'sp, followed by a steeper
Based on the obtained information aboyt(lRig. 4B) and growth of n, which gives rise to highef;,ay.
clustering (Fig. 4D), we conclude that both promoting and High vs low guest occupancy regimékhe simulation
inhibiting effects of lateral mobility are related to higimgion snapshots in Fig. 4D illustrate that a substantial fraction of
fluid surfaces, resulting from the ability of multivalent yol  surface binders located within the radius of gyratiomatp-
mers to recruit additional mobile guests. At moderate surfacecp can engage in bonds at a given time. We define this-cond
coverages, this leads to the local enrichment of surface guestfon as ‘high guest occupancy’ regime. The regime oflow
(see snapshots Bip = 0.1 pmol/crfy, Fig. 4D), thus prorrte guest occupancy’ would accordingly imply that jiremains
ing multivalent binding of individual polymers. This expdan  much lower than the average amount of surface binglers
tion is in agreement with previous theoretical studies, which nRé. In this regime, the lateral mobility of guests does not
assessed the role of lateral mobility at a single polymer fvel. significantly affect the polymer adsorption. This is demo

At high surface coverages, along with the local enrichment agirated in Supporting Fig. S5, as well as, the theoreticay-anal
global depletion of guests occurs (see snapshdigpat 0.2 sis presented below.

pmol/cnt, Fig. 4D). The resulting lack of free guests inhibits
subsequent multivalent interactions, thus limiting the binding

of additional polymers on fluid surfaces as compared to the " £ . ff ltival lecti
immobile ones. The main features of the identified binding of surface binders affect multivalent (and superselective)

. istently found i . t and simulati binding. In particular, they demonstrated that surface fluidity
regimes, consistently found in experiment and simulations, ar€,ge s the range and quality of superselectivity in the regime
summarized in Fig. 5.

. . of high guest occupay, which is accompanied by pro-

Influence of lateral mobility on supersele_ctlv@he ex- nounced clustering arourf™, and that these effects are
tended range dfua.pco VSI'a depender_lces (_F'g' 4A) allowed 04,004 at low occupancy of guesthey are computationally
us to study in more detail the relationship between Iateralcostly, however, making it difficult to explore a large pagam

mct)blllttydan Sl:ﬁers_ele?t';/_'ty' ';_he féolu:]lon otfr:/v{[f;hl“,% i ter space. To study in more detail the relation between the
extracted from the simulation (Fig. 4C) shows that the iden nature of the multivalent probe, the occupancy of surface

fied binding regimes (Fig. 5) differ significantly in terms of bind d th le of lateral mobili delled
the HA$-CD selectivity to the density of surface guests. At telrr]n ;Salz;/?icall; role of lateral mobilitye modefled our sy-
low I'ap, polymer coverage increases linearly Wity (o = 1), . | . . .
which is expected for monovalent interactiong £nl, Figs. Ana]y’ucal modeling. The main g_oal qf the analytical
4B and 5A). At moderat€,p (Fig. 5B), multivalent binding qu_ellng was to _study ho_vv t_he relationship between su_rface
dominates, exhibiting superselective behavior (1). Finally, fIU|d|ty and multivalent binding erends on the p.hyS|co-
at high Txp (Fig. 5C), theHA-B-CD uptake decreases progre chemical parameters of the multivalent probe. Besides, we
AD . ’ P . . . . . .
sively (toa < 1) as binding saturates. Whilst our experimental glmed to test if a simple analytlgal .theory can pred[ct t_he bind-
data already demonstrated superselective binding on fluid an ng of multivalent probes at flu!d mterfa(_:es quantitatively as
on immobile surfaces (Fig. 3C), the detailed analysis afforded his would t.)e useful for the .ratlonal Qe5|gn of probgs able to
superselectively target a desired density of surface binders.

with the numerical simulations revealed two subtle effects of ) ) .
surface fluidity: (i) the quality of superselectivity is improved, ' heoretical analysis was based on the coarse-grained model
developed for the adsorption of multivalent polymers t6 su

and (ii) the region of optimal superselectivity shifts to lower
(i) g P P y faces'>**A detailed description of the model is provided in

In summary, the simulations (Figs. 4 and S5) provided a
good idea of how surface fluidity and the associated clustering
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Fig. 6. Analytical modeling at tunable polymer characteristics. (A) Left ordinate axis: superposition of the analytical predictions (solid
lines) for the immobile (green) and fluid (blue) surfaces with experimental binding isotherms (error bars). Right ordinate axis
superselectivity parameter, o, extracted from the theoretical data and plotted Vs T'ap (dashed lines). The lattice site of size a containjng n
mobile guests and their recruitment hy-p hosts present in the volume Gfame illustrated below the pld®olymer properties are listed in

Table 1; see Supplementary Methods for details of the model paraniBt&sAnalytical predictions for the fluid (solid) and immobile
(dashed) cases obtained at tunahlepn(B), Ky (C), ¢ (D) and R(E). The graphs show I'yap.cp plotted versugap. The corresponding
dependences of versud ap are shown in Fig. S®8lue curves in all graphs correspond to the reference system (Table 1).

the Supporting Methods, and a Supporting Matlab script is These theoretical results directly support the distinct binding
also provided to calculate binding profil&riefly, the model regimes illustrated in Fig. 5.
assumes the surface to be covered by an array of lattice sites of For completeness, we show in Fig. 6B-E analytical predi
size a, each containing guests (p=apNaa’) and surround-  tions over a larger parameter range,, ia.tunable polymer
ed by the volume %= (4n/3)R§ (Fig. 6A inset). In the immo-  valency affinity, concentrationand size. The comparison of
bile case, the number of adsorbed polymers per latticdssite binding isotherms obtained for fluid (solid lines) and immobile
calculated using a generalized Langmuir treatment, followed (dashed lines) surfaces shows that the effect of lateral mobility
by Poisson averaging (Eq. S8). In the fluid case, the number obn multivalent binding increases with polymer valency (Fig.
guests is allowed to equilibrate between different lattice 6B) and affinity (Fig. 6C), but decreases with polymer conce
sites®® In both cases, the model explicitly considers the gainstration (Fig. 6D) and size (Fig. 6E). As suggested by niimer
in combinatorial entropy with increasing guest surface density cal simulations, the effect of lateral mobility is due to the
and/or polymer valency. ability of multivalent polymers to alter the 2D distribution of

Fig. 6A showsl'uap.co VS Tap @anda vs T'ap plots obtained  guests, which is reflected in highey and concomitant guest
for the conditions matching our experimenhote that no clustering (Fig. 4). One would indeed expect this ability to
parameters were fitted, all model parameters were taken fronimprove when diluting polymers at high valency and/or &ffin
our previous work® The theoretical model overshoots at high ty, reducing their size (i.e. increasing host density at given
Thapco, due to underestimation of polymer excluded volume valency) or exposing them to low guest densities. We note that
effects’® The model reproduces all simulation trends with the identified trends are peculiar to the regime of high guest
regard to the effect of lateral mobility on multivalent binding. occupancy (p= ng). In the case of low guest occupancy {(n
Indeed, it predicts crossing between the immobile and fluid Ny), the difference between the immobile and fluid cases van-
Thapco VS Tap curves at Tap = 0.27 pmol/crh which is very ishes, which follows from the model formalism (Eg. S14) and
close to the value obtained from simulations (0.25 pend|/ is illustrated by simulations and theoretical predictiots o
Fig. 4A) thus highlighting the existence of several distinct tained for low polymer valencies (Figs. S5 and 6B). In this
binding regimes (Fig. 5). In addition, the model reproduces regime, the scaling relation
correctly the shift ofiy.« to lower I'np, accompanied by higher xs o Tapng_cpKi' (5)
Oma values for fluid surfaces. This demonstrates that tlze an derived in previous work for immobile surfat®san be @
lytical model, despite its simplifying treatment of the polymer rectly applied to fluid surfaces as well, to predict in a simple
and a lower magnitude of observed effects compared to nuway how the valency of the multivalent probg.4s) and the
merical simulations, still allows one to assess the roletof la affinity of the individual interactions (i shift the binding
eral mobility in the regime of high guest occupanay~(my) isotherm [pap.co VS [ap) @long thex axis. We also provide a
as well as to quantitatively predict (Eq. 4) the position of the sypporting Excel spreadsheet to calculate binding profiles in
superselectivity range. the low guest occupancy regime.

Furthermore, in the Supporting Methods we analytically
show that the crossing point between fluid and immobile bind- SUM_MARY AND CONCLUS!ONS ) ) )
ing curves always exists. Additionally, the fluid and immobile N this work, we have combined experiments, simulations
cases must converge both at low and high guest density limitsand analytical modeling to understand how the fluidity of the
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binding interface affects multivalent binding and binding to biological membranes, and thereby contribute to
superselectivity. The developed model provided the first quan-understanding the mechanisms of cellular communication and
titative experimental demonstration of superselective nailtiv  through application for the design of multivalent probeshe

lent recognitionat fluid surfaces. Furthermore, combining continuous progress of nanomedicine.

experiments with simulations allowed us to assess the role of

lateral mobility in a wide parameter range and to rationalize its ASSOCIATED CONTENT

effect on the bound amounts and superselectivity in terms of gypporting MethodsFiguresS1-S6, Analytical Equations and
the number of formed bonds and their clustering (Fgand Referencesa Matlab script and an Excel spreadsheet to calculate
5). In addition, the developed analytical model proved to be binding profiles are available free of charge via the Internet at
efficient for a systematic study of multi-parameter systems http://pubs.acs.org.

like the ones involving the effects of multivalency,

superselectivityandlateral mobility (Fig. 6) Due to its vera- AUTHOR INFORMATION

tility towards the nature of multivalent probe, one can use it to
rationalize superselective behavior of different multivalent
scaffolds (polymers, particles, ét&>*®* We note that our *galina.dubacheva@ens-paris-saclay.fr
model does not consider any intrinsic clustering of surface *r.richter@leeds.ac.uk

binders that may occur at biointerfaem addition to the
here-reported clustering induced by multivalent probes; an
interesting future avenue is to explore how intrinsic clustering
is enhanced by multivalent probes. The here-obtained insights
are summarized below. Notes _ _

i) When surface binders are in large excess (low binder o We note that in our previous VYOV%O' Thapco referred to
cupancy), the effect of lateral mobility is negligible. Tre d the amount of polymer that remains stably bound after buffer
pendence of superselectivity on affinity and valency of the Mnsing.
multivalent probe can be rationalized via the scaling parameter
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1. Supporting Methods

1.1. Analytical model for the binding of multivalent probes to fluid and immobile
surfaces
The case of immobile surfaces and low guest occupancy was treated in detail in our previdds work.
We shall here first recapitulate the main features of this case, and then extend the theory, first to immobile
surfaces and high guest occupancy, and then to fluid surfaces.

1.1.1. Bindingtoimmobile surface at low guest occupancy
In a nutshell, a generalized Langmuir adsorption is used to treat the adsorption of polymers to the
surface The average number of adsorbed polymers in a lattice site is

dlnEm) _ IR, izlg;
(B 14¥R, zlq;
wherez = pN,a? is the activity of polymers in solution (s the molar density andaNs Avogadro’s
number) and igis the bound partition function of i polymers at the lattice site ofsif= ! = kgT with

the Boltzmann constakt; and the absolute temperature T defines the thermal energy. The grand partition
functionE(n) = 1 + X2, z'q; takes into account all possible numbers of polymers in the lattice site and

u = kgT Inz is the chemical potential of polymers in solution. For a single polymer, the bound partition
function is the sum over all possible numbers of host-guest llomeghted by the Boltzmann factor

0 =2 e O () (5 (521

with n and k being the number of guests on the surface of a lattice site and the number of hosts per
polymer, respectivelyl,,,, = min [n, k] is the maximum number of possible formed bonds. The binding
free energy of a polymer withformed bonds is

F(A) =1 kBT ll’l(Kd a3 NA) + ﬁpoly(l) [83]

o) =

[S1]

with Ky being the dissociation constant between a single host and a single guest in soluﬁg(ﬁlyé?rw
being the entropic (configurational) cost to the polymer whbonds are formed.

The above equation can be well approximated by a binomial expansion if all important (non-
negligible) terms in the sunf Eq. S2 satisfyl << n and the entropic (configurational) cost to the polymer

is approximated to scale linearly with the number of bondsefdr(rﬁpoly(l) = Apory With U,y beinga
constant)
G ~ Yo (neBFYE X — (1 4 neBFYk — 1 [S4]

(k=)'

In this case, the single bond free energy is a constant for all Boads;T In(K, a® Ny) + Upoly- Finally,

the partition function of the™ polymer is obtained by assuming that the fraction of occupied guests
remains low {(1) < n, with (1) being the average fraction of bonds per polymer) such that binding of
different polymers can be treated as uncorrelated

1 _ N
q; =E[(1+ne BRyk — 1] AU, [S5]

This expression was used in our previous stutfigs] polymers within the lattice site were treated as
independent and only interacting with each other through the mean-field regylsidre lattice size =
Rg(47r/3)1/3 is determined by the polymer sizg Ror this lattice size, the repulsion terntjs= Upi +
Aqci®* accounting for the polymer/wall and polymer/polymer repulsion. The energy fer
polymer/wall repulsionUy,, = 0.83 kgT, was determined based on the size of the lattice a and the
effective potential of mean force between a self-avoiding polymer and & Ralifmer/polymer repulsion
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assumed a Des Cloiseaux law and the congtgit= 0.35kgT was obtained bf¥itting to experimental
datal We note that the conditiaf1) « n implies low guest occupancy.

1.1.2. Bindingtoimmobile surface at high guest occupancy

We now generalize to the case when the approximation is not valikA)e< n does not hold or
F(4) is not linear. This is required, for example, in the case of high guest occupancy where the total
number of bonds formed becomes comparable to the number of surface guests. Here, we need to consider
the full expression which is rather complicated because now different polymers are not independent, e.g. if
one polymer binds a certain guest then that guest is not available for the second polymer. Each polymer
contributes one sum over the number of bonds it forms with the surface guests. Below we show the case
of three polymers, i 3,

_ _B(F 5 5 kKN(k\(k !
43 =¢ AUs Z’;1=1Z§2=1 z:I/—‘CL3=1 e PG+ () <}L1) (}Lz) (/13) (n%l])'

However, the form is general for any number of polymers

: = k !

= e BUITTL Yk -BEFj(2)) _n
qi e H]:l le:l e S (Aj) (n—ZA]-)! [86]

The upper bound on the sums was here extended to k. This generalization is allowed because the factorial

of a negative number is infinity and all non-consistent terms are automatically zero. Using the above

equation, we can calculate the average number of adsorbed polymers in a latticacsiteding to Eq.

S1. Finally, this is averaged to take into account Poisson fluctuations in the number of guests per lattice

site

p(n,ng) = 82 =0 [S7]

n!

wheren, is the mean number of guests per site. The expected average number of adsorbed polymers per
site thus becomes

(0) = Xp=1p(n,n0)0(n) [S8]

1.1.3. Fluid surface

Now let us consider the effect of surface guest mobility, which corresponaisniealed disorderas
opposed tdquenched disordein the fixed case studied above. Above, we first calculated the number of
adsorbed polymers and subsequently performed Poisson averaging (Eq. S8). In the annealed case, the
system can relax internally within each lattice site and the Poisson averaging is done directly on a partition
function®* The number of guests in a lattice site is fluctuating and the partition function (Eq. S7) has to be
Poisson averaged

@™ () = X1 p(n, 1) q; (70) [S9]
with . being the mean number of free (non-bound) guests per lattice site. It is given by
= ng—(n,) (510}

i.e. the mean free number of guests is determined by the mean total number per lattjcensites the
number of guestén,) that are bound to the polymers. If individual host-guest binding is independent,
Upoly(/l) = AWpoly» andF' (1) = AF, the Poisson averaging greatly simplifies the results and we get

™) = = [(1 + e Bk — 1] e BU: [S11]
which is the same expression that we obtained as an approximation for immobile guests (Eq. S5). The

crucial difference is that Eg. S11 is exact if guests are non-interacting and Poisson distributed. The
procedure of deriving Eq. S11 from Egs. S9 and S6 is provided in our previou$ work.
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The average number of formed bonds can be computed by considering the grand partition function of
a single lattice site
EM(@) = X2, ;" (W) 2°
The average number of bound guests can be obtained by the statistical mechanics relation
dInE™(M@) _ 9InE™(7) _
d(Bug) ~ om
with the free guest chemical potentjgk; = Inn . Inserting this equation into Eq. S10 gives a self-
consistent relation

dInE™(M) _
on

(np) =

that needs to be solved numerically (iteratively) to find the number of free (unbound)igudststask is
rather trivial becausg&™(7) is a monotonically increasing function. After determinifygve obtain the
average number of adsorbed polymers per lattice site

(Q)mob — 9InE" () — Z§§1izigim°b(ﬁ)
9(Bw) 1+X{2, 2t q;mob (1)

[S13]

In the following we shall compare the fluid and immobile scenarios in some limiting conditions. As
we shall see, this provides helpful constraints to understand how the shape of the binding curves differs
between fluid and immobile scenarios.

1.1.4. Low/High binding limit (including Poisson fluctuations)

When adsorption is very low, most lattice sites are left em@tyk (1). At sufficiently low @ the
average fraction of bound guests is also sniajl}/n, < 1, in which case we can approximatex n,.
Consequentlyg;™°P (7)) = q;™°P (n,).

On the other hand, applying the linfit<«< 1 in the immobile case, and using Eq. S1, we obtain
>7 ., iz'q; « 1, from which we can approximat ~ Y7, iz'q;. When we apply the Poisson averaging
(Eg. S8), we have to compute essentially the same sum as in the fluid case (Eg. S9), the resulif which
Eq. S11. Hence, in the low binding limit, both immobile and fluid guests yield the same adsorbed polymer
surface density

(6) = (9)™°° = X2, iz'q;™°" (n) [S14]

In the opposite high binding limit all or at least most of the lattice sites are occépied1) and
excluded volume limits the deposition of more polymers. Hence, we again obtain that the binding curves
for immobile and fluid guests must conveKgé ~ (6)™°P.

The convergence in the low and high binding limits is also demonstrated by simulations (Fig. 4) as
well as theoretical (Fig. 6) results.

1.15. Crossing-point between fluid and immobile binding curves

In addition, the experimental (Fig. 3), simulation (Fig. 4) and theoretical (Fig. 6) results indicate the
existence of an intersection point in the adsorption curves when comparing immobile and fluid surfaces.
Here we will demonstrate thatistcrossing-point, at whictg) = (8)™°P, always exists.

Both the immobile (Egq. S1) and fluid (Eq. S13) adsorption curves are monotonically increasing
functions of the number of guests. In the low guest coverage limit the adsorbed polymer density is very
low, the fraction of occupied guests is also very low and we can approxipaier. In this regime the
mobile (fluid) surface yields the larger adsorbed den@h°P > (9), where the equality holds in the
limit ny — 0.

To resolve the large, regime we shall for clarity assume that at most one polymer can adsorb to any
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given lattice site. At very large, all bonds would be satisfieh,) = k and Eq. S2 implies that =
ny — k. The fluid surface partition function, Eq. S11, becomes

™ = [(1+ 00 — 07" — 1] e = (g — ke PF) e, [S15]
On the other hand the immobile partition function, from Eq. S6, is
_ _ ny\ rk _
4 =e P g e (}) (,1)’“ (nnk)u Prle=pts, [S16]

where the approximation again assumes all bonds are safisfidd Since(nf!k)' > (ng — k)¥ atng =

n, the immobile partition function must be larger or equal than the fluid surface partition function, Eq.
S11. Hencethere exists a regime where the adsorbed amount, from Egs. S1 and S11, must be larger for
immobile surfacestd) > (0)™°P, where the equality holds in the limig — co.

Since® > (0)™°P at largen,, but (9)™°P > (g) at smalln,, a crossing point must exist. In other
words, the equatiof@)™°P = (9) generally has at least three distinct solutions. Two of these solutions
were already described abovg: —» 0 andny —» . A third solutionn, = n* defines the crossing point.
These three guest surface densities at wK@"°P = () are also observed from the numerical
simulation results in Figl.

It is not straightforward to analytically predict the exact location of the crossing point. However, in
the case of weak bindindgn,)/n, < 1, we are able to estimate the location of the crossing .puote
that for clarity the unnecessary facwrfU: will be omitted in the calculations belowhe immobile
partition function (Eq. S2) is approximated by

X (1 +npe=BF)" - [S17]

maX - F k
~ e i e PP w (3) -1 = e

where/l_denotes the mean number of formed bonds. The approximation is valid because the sum is peaked
aroundA. On the other hand the fluid partition functidg( S11) is rewritten to

a1

qlmob — (1 + (ng — (le))e_BF)k _1= (1 + noe—ﬁp)k (1 _ M)k _1, [S1g]

kno

noe”BF

where we used the identity,) = 1(0) andA ~ k 7 Neglecting Poisson fluctuations, the crossing

point is determined by, = q,™°°, which yields

not (1 3 <9)12)k
(no—=2)! (np)? kng/ °

Applying Stirling’s approximation and the first order approximation of the exponential function we get

—(/1 ng—1/2) + 1= 2%,
No

andasthe final result follows
1
0)=1-—. [S19]

The mean number of bonds per bound polymer is larger than one for multivalent bihdin,;
therefore, the crossing point is located just below the saturation of the syéfasel, and is, therefore,
very close to the,, — o (or equivalentl{8) = 1) solution discussed above.

In deriving this result we have assumed at most one polymer is allowed per lattice site. However, the
same result is obtained from numerical simulations shown in Fig. S4, where the regaye°8f> (6)
essentially covers the entire range of guest surface densities, except for very high and very low densities,
and the crossing point is located close to surface saturation.
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1.1.6. Model parameters

The analytical model contains two parameters which cannot be measured experimentally: the entropic
contribution to the binding energyydy (Eq. S3) and the prefactor in a scaling approximatiy(g. S5).
For HA with graftedp-CD as in the present work, we had determinggl=A0.35 kT and Ugy = 4.6 kT
in our previous stud§ These values were also used here to predict multivalent binding to immobile and
fluid surfaces, while simultaneously tuning the characteristics of the multivalent probe.

1.1.7. Binding profile calculation tools

We provide an Excel spreadsheet with implemented analytical model valid at low guest occupancy
(Egs. S1-S5). This tool, which was also employed in our previous’wak be used for rapid prediction
of multivalent polymer binding profiles.

Furthermore, a Matlab script is provided which calculates the binding profiles for immobile surfaces
valid for any guest occupancy (Egqs.-S8). The script also determines the binding profiles for general
fluid surfaces by iteratively converging to a self-consistent solution determined by E§4.3S9

1.2. Monte Carlo simulations

Grand canonical Monte Carlo simulations were performed using the soft blob model that we have
described in detail in our previous wdrklere we extend the model to fluid surfaces. In order to capture
the lateral diffusion of guests on the surface, we modified the Monte Carlo sampling such that in every
Monte Carlo cycle a guest is chosen at random. If this guest is not bound to a polymer, a new location for
the guest is chosen uniformly at random on the surfadés modification does not interfere with our
method of sampling multivalent interactions described in our previouswork.

The parameters used in our simulatievee equal to that of our previous studfhe number of
blobs per polymewasm, = 20. Each simulation was run for ~£0MC cycles, where in each cyalee
randomly sele&d either to insert or delete a polymer or to move a single. Al blob-guest bond
energywas fixed to F = -3 KT, determined from our previous work for tHé&-B-CD to AD binding?

For the immobile surface exposedH@ with 3-CD grafted ang.p = 1 7, the data is averaged over
100 different random realizations of the surface guest positions.
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2. Supporting Figures
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Figure S1. Quantification of SAv residual valency. Binding curves obtained by spectroscopic
ellipsometry GE) for the adsorption of SAv and the biotinylated reporter probe b-ZZ on b1%{@AM
and b0.6%-SLB(B). Inset tables show the mass and molar surface densities of SAv and biotinylated
probes, and the resulting b-ZZ/SAv ratio. The b-ZZ/SAv ratio is a measure of SAv residual viadency
the number of biotin binding sites available per molecule after engagement with the surface. All values
were determined after protein adsorption and rinsing with working buffer once the SE response had
stabilized. Schematics on the right illustrate the SE setup, and salient binding feautég typical
orientations of SAv corresponding to the measured residual valencies: each SAv molecule engages with
two biotins on the b1%-SAM, and with two or three biotins on the b0.6%-SLB; in the case of divalent
binding, two distinct scenarios are possible (cis and trans) depending on the relative positions of the
engaged biotin binding pockétsut these are not explicitly shown. The resulting residual valendiesgb
provided below the schematics as mean * standard error, based on two independent measurements each
b-ZZ is a recombinant protein consisting of a tandem repeat of the Z domain of protein A connected
through a flexible spacer (12 amino acids) to an N-terminal biotin. We have previously described the
production and purification of b-ZZ, and demonstrated thaZkis a faithful reporter of the residual
valency of surfacéoundSAv.® Conditions: 10 mM HEPES buffer (pH 7.4) with 150 mM NaGk,& 10
ug/mL, Czz = 36 pg/mL, Msay = 60 kDa; M.z = 16.2 kDa; SAv adsorption time = 30 minZHB-
adsorption time = 10 min.

S7



A Before bleach After bleach

! 100 s

=

Normalized intensity
>

o
[=)
T

o o o o
L )

Mobile fraction: 81x1%
Diffusion constant: 0.81+0.01 pm?/s

b-OEG-AD
.

I

— FURE L e
RS
glass

0 1 2 3 4 5 6
Time, min

Figure S2. Characterization of guest lateral mobility by FRAP. FRAP measurements were performed

using fluorescent SAv to report on the mobility of SAv-bound AD. Representative data are shown to
illustrate the assay: b0.6%-SLB saturated first with SAv-atto565 and then with b-OEG-AD (see the
experimental section of the manuscript for the details on the sample prepafétjavi)crographs taken

before and after photobleaching for a few secondscaxicular region of 20 pm diameter. (B) Kinetics of
fluorescence recovery through lateral diffusion of SAv-atto565. The fluorescence intensity of the bleached
spot, normalized against the fluorescence intensity of the non-bleached region of the same size (to correct
for bleaching during image acquisition and drift effects) and background corrected for unbleached
fluorescence, is plotted versus timeschematic of the studied system is sh@asmset.
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Figure S3. Specificity of b-OEG-AD/SAv interactions. Binding curves obtained by QCM-D for the
adsorption of SAv and b-OEG-AD on b-SANK) and bSLBs (B, C). Schematics on the right illustrate

the main results: small but measurable decreases in frequdncyl(Hz) indicate binding of b-OE®@D

to SAMs (A) or SLBs B) that are functionalized with SAv (squares); in contrast, no significant responses
are observed for b-OEBD on SAMs (A) or SLBs B) lacking SAv (circles), and for b-OEG-ADn

SLBs functionalized with SAv that lacks free biotin-binding sit€% (The assays i€ were performed

with two mutants of SAv in which two of the four biotin-binding sites are impaired: divalent SAv-cis
(squares) retains two binding sites on the same face of the tetramer, and divalent SAv-trans (circles) two
binding sites on opposite faces; both mutants bind divalently to the b-SLB albeit at different orientations
(see ref. 6 for details). Conditions: biotinylation of SAMs = 10%, biotinylation of SLBs = 5%; 10 mM

HEPES buffer (pH 7.4) with 150 mM NaCls6 = 10 pg/mL, Cy.oecap = 20 pg/mL, SAv adsorption time
= 30 min, b-OEG and b-OEG-AD adsorption time = 15 min.
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Figure $4. Specificity of multivalent f-CD/AD interactions. Binding curves obtained by QCM-D for
the adsorption of SAv, biotinylated probigsOEG or b-OEGAD) and HA constructs (HA, HAand HA-
B-CD) on b-SAMs(A, D, |) and b-SLBYB, E, J); Schematics on the rigiC, F, K) illustrate the main
results: specific interactions between HAGD and SAMs or SLBs displaying ALC), the absence of
interactions between HA lacking-CD and SAMs or SLBs displaying AQF), and the absence of
interactions betweehlA-B-CD and SAMs or SLBs lacking ADK); in addition, theQCM-D setup is
schematically shown ifC). In previous work, we had already shown that SAv binding to b-SLBs and b-
SAMs, and b-ZZ binding to SAv on b-SLBs or b-SAMs, is fully speéifidolecules used for negative
controls: plain and pentenoate-modified hyaluronan (HAHAg) are the precursors for the synthesis of
HA-B-CD;? biotin-(EGy-amine (b-OEG) is the precursor for the synthesis of b-OEG-AD (see
experimental section of the manuscrif@pnditions: biotinylation of SAMs = 1%, except @) where
b10% SAMs were used, biotinylation of SLBs = 0.6%; 10 mM HEPES buffer (pH 7.4) with 150 mM
NaCI, Gav = 10 ug/mL, Co-0EGAD = Cp-.oec= 20 ug/rnL, Cha-p-cD = CHA = CHap = 50 ug/mL, SAv adsorption
time = 30 min, b-OEG and b-OE&D adsorption time = 20 min, HA, HAandHA-B-CD adsorption time
=30-60 min.
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Fig. Sb. At low guest occupancy, surface fluidity affects multivalent binding only marginally.
Displayed are predictions from simulations f@rcg = 27 (DS.co = 3 %, M,"PP = 405 kDa) using a
simulation box of k=L, = 12R,"**“" with all other model parameters unchanged compared to the data
shown in Fig. 4 in the main text; this corresponds to the regime of low guest occupancy. All data are
displayed analogous to Fig. 4; in (A) to (C), each data point represents a single simulation run, and solid
lines connect data points.
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Fig. S6. Analytical modeling at tunable polymer characteristics. Superselectivity parameter, a,
extracted from the theoretical data show in Fig. 6B-E and plogdd,p. Analytical predictions are
obtained for the fluid (solid) and immobile (dashed) cases at tungble(f), Kq (B), ¢ (C) and R(D).
Blue curves in all graphs correspond to the reference system (Table 1).
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