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a b s t r a c t

Glycosaminoglycans (GAGs) are ubiquitously present at the cell surface and in extracellular matrix, and
crucial for matrix assembly, cellecell and cell-matrix interactions. The supramolecular presentation of
GAG chains, along with other matrix components, is likely to be functionally important but remains
challenging to control and to characterize, both in vivo and in vitro. We present a method to create well-
defined biomimetic surfaces that display GAGs, either alone or together with other cell ligands, in a
background that suppresses non-specific binding. Through the design of the immobilization platform e a
streptavidin monolayer serves as a molecular breadboard for the attachment of various biotinylated li-
gands e and a set of surface-sensitive in situ analysis techniques (including quartz crystal microbalance
and spectroscopic ellipsometry), the biomimetic surfaces are tailor made with tight control on bio-
molecular orientation, surface density and lateral mobility. Analysing the interactions between a selected
GAG (heparan sulphate, HS) and the HS-binding chemokine CXCL12a (also called SDF-1a), we demon-
strate that these surfaces are versatile for biomolecular and cellular interaction studies. T-lymphocytes
are found to adhere specifically to surfaces presenting CXCL12a, both when reversibly bound through HS
and when irreversibly immobilized on the inert surface, even in the absence of any bona fide cell
adhesion ligand. Moreover, surfaces which present both HS-bound CXCL12a and the intercellular
adhesion molecule 1 (ICAM-1) synergistically promote cell adhesion. Our surface biofunctionalization
strategy should be broadly applicable for functional studies that require a well-defined supramolecular
presentation of GAGs along with other matrix or cell-surface components.

© 2014 Elsevier Ltd. All rights reserved.
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0 53 29;

hter).
1. Introduction

Glycosaminoglycans (GAGs), a group of acidic and linear poly-
saccharides including e.g. heparan sulphates (HS) and hyaluronan
(HA), are ubiquitously present at the cell surface and in extracel-
lular matrix. They interact with many structural (e.g. collagen,
fibronectin) and signalling (e.g. chemokines, growth factors) pro-
teins and thereby regulate matrix assembly and remodelling, as
well as cell-matrix and cellecell interactions [1]. Typically, GAG
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function relies on the integration of multiple interactions rather
than on individual binding events. Examples are (i) the remodelling
of extracellular matrices by GAGs binding to structural proteins
[2,3], by GAG-crosslinking proteins [4,5] or by bulky GAG-binding
proteoglycans [6e8], (ii) the sequestration [9,10] and tightly regu-
lated mobility [11] of chemokines or growth factors in matrix and
(iii) the presentation of chemokines at controlled densities or in the
form of gradients to promote distinct cellular responses such as
adhesion or directed migration [12,13].

In all these cases, the local arrangement and density of GAGs,
along with other cell surface or matrix components, is of key
functional importance. Studies in this direction, however, are
challenging because the supramolecular presentation of GAG
chains is difficult to control and to characterize, not only in vivo but
also in vitro. For example, GAGs have so far been largely neglected in
the design of in vitro cell migration assays [14], despite their
recognized functional importance. A likely reason is the limited
commercial availability of sufficiently pure and suitably function-
alized GAGs, and of methodologies to integrate GAGs into assem-
blies that mimic the presentation at the cell surface or in matrix
well. Only few studies demonstrate, so far, the possibility to
immobilize and to control GAG surface densities and/or orienta-
tions on supports [15e18]. Moreover, to the best of our knowledge
the cellular interaction with such surfaces has not been studied. To
study the role of GAG-protein interactions in matrix assembly and
in cell behaviour in vitro, it would be desirable to be able to prepare
materials that present GAGs together with other relevant bio-
molecules in such a way that the orientation, density and lateral
mobility of the exposed biomolecules can be controlled and tuned.

Here, we present a method to fabricate biomimetic surfaces that
display GAGs and other biomolecules of interest at well-defined
orientation, density and lateral mobility (Fig. 1). The method re-
lies on a stratified monolayer of streptavidin (SAv) and self-
assembly through strong and specific interactions. Embedded in a
A

B

Fig. 1. Design of biomimetic surfaces that reproduce the presentation of cell-surface GAGs
(HS). HS is biotinylated site-specifically at the reducing end (b-HS) and immobilized on a s
gold-supported OEG monolayer exposing biotin at the end of a fraction of the OEG molecu
silica-supported lipid bilayer (SLB) exposing biotin at the head of a fraction of the lipids
approximate size. The OEG monolayer and the SLB confer a background of low nonspecific
laterally together with the anchoring SAv (thin arrows).
background that is largely inert to the undesired nonspecific
adhesion of biomolecules or cells, the SAv monolayer serves as a
molecular breadboard for the selective attachment of biotinylated
molecules. The method is generic in the sense that various bio-
molecules can be (co-) immobilized at tuneable surface densities,
either through a site-specifically attached biotin tag, or if that is not
available, through biotinylated adapter molecules. In particular,
GAGs are immobilized with controlled orientation through a biotin
tag introduced at the reducing end. As a prerequisite of the present
work, a method for the preparation of stable and terminally func-
tionalized GAG conjugates was recently developed (Thakar D,
Migliorini E, Guerente L, Sadir R, Lortat-Jacob H, Boturyn D,
Renaudet O, Labb�e P, Richter, RP manuscript submitted).

Two in situ surface sensitive analytical techniques, quartz crystal
microbalance (QCM-D) and spectroscopic ellipsometry (SE), were
combined to monitor in real time the assembly of the biomimetic
surfaces and to ascertain that the desired functionalities are indeed
realized. In particular, QCM-D provides time-resolved information
about the assembly process, including overall film morphology and
mechanics [19], while SE enables time-resolved and label-free
quantification of biomolecular surface densities and binding stoi-
chiometries [20].

To demonstrate the versatility of our approach for well-
controlled and quantitative biomolecular and cellular studies, we
selected HS as GAG, and stromal-cell derived factor 1 (CXCL12a,
also called SDF-1a) as GAG-binding chemokine [21]. We first
quantify the kinetics of CXCL12a binding to HS-displaying surfaces
by surface plasmon resonance and then investigate the adhesion of
Jurkat cells as a CXCL12a sensitive T-lymphocyte cell line [13] to a
range of biomimetic surfaces, including surfaces that present HS-
bound CXCL12a along with the intercellular adhesion molecule 1
(ICAM-1). CXCL12a is known to bind with high affinity to the T cell-
surface receptor CXCR4 [22,23]; the ensuing activation of T cells as
well as the binding of T cells to ICAM-1 at the endothelial cell
. Schematic presentation of well-defined model surfaces presenting heparan sulphate
treptavidin (SAv) monolayer with controlled orientation. (A) Model surface based on a
les. Stable attachment to the gold is mediated by thiols. (B) Model surface based on a
. All molecules are drawn approximately to scale, with the scale bar indicating the
binding. On fluid SLBs (B) but not on the OEG monolayers (A), HS chains can diffuse
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surface of blood vessels are of particular importance in immune cell
trafficking [12,24,25]. With this study, surfaces thus become avail-
able that mimic selected aspects of the endothelial cell surface,
towards mechanistic cellular studies in an environment that is
well-defined and tuneable.

2. Methods

2.1. Buffer, heparan sulphate and proteins

The working buffer used for all experiments and for protein dilution was made
of 10 mM Hepes (Fisher, Illkirch, France) at pH 7.4 and 150 mM NaCl (Sigma Aldrich,
Saint-Quentin Fallavier, France) in ultrapure water.

Heparan sulphate (HS) derived from porcine intestinal mucosa with an average
molecular weight of 12 kDa and a polydispersity of 1.59 [26] (Celsus Laboratories,
Cincinnati, OH, USA) was conjugated with biotin through an oligoethylene glycol
linker of approximately ~1 nm length, site-specifically attached to the reducing end
by oxime ligation. In contrast to the conventionally used hydrazone ligation, oxime
ligation produces conjugates that are stable for many weeks in aqueous solution.

CXCL12a (amino acids 1 to 68; 8.1 kDa) was produced by solid-phase peptide
synthesis as previously reported [9]. The same CXCL12a construct with a biotin
conjugated to the C-terminal lysine through a tetraethylene glycol (OEG) linker (b-
CXCL12a; 8.6 kDa), was also produced by solid-phase peptide synthesis. A protein
construct containing two Z-domains of protein A, separated by an extended peptide
spacer from an Avi-tag carrying a single biotin (b-ZZ, 31.8 kDa) was produced
recombinantly in Escherichia coli by co-expression with the biotin ligase BirA.
Lyophilized streptavidin (SAv, 60 kDa), bovine serum albumin (BSA) and fibronectin
(Fn) were purchased from Sigma Aldrich. A chimera of the Fc part of IgG and two
human ICAM-1 extracellular domains (Fc-ICAM-1; 152 kDa) was obtained from R&D
Systems (Minneapolis, MN, USA). All proteins were diluted to concentrations be-
tween 0.2 and 1 mg/mL in autoclaved working buffer and stored at �20 �C. Thawed
protein solutions were used within 5 days and further diluted as desired.

2.2. Sensors and surface preparation

QCM-D sensors with gold (QSX301) and silica (QSX303) coatings were pur-
chased from Biolin Scientific (V€astra Fr€olunda, Sweden). Appropriately sized silicon
wafers with a native oxide layer of less than 2 nm thickness or with an optically
opaque gold coating (100 nm, sputter-coated) were used for SE measurements. SPR
gold-coated sensor chips (SIA Kit Au) were purchased from Biacore (GE Healthcare
Bio-Sciences, Uppsala, Sweden). Glass cover slips (24 � 24 mm2; Menzel Gl€aser,
Braunschweig, Germany) for cellular studies were cleaned by immersion in freshly
prepared piranha solution (i.e. a 1:3 (v/v) mixture of H2O2 (ACROS Organics, New
Jersey, USA) and concentrated H2SO4 (Sigma Aldrich)) for 1 h, rinsing with ultrapure
water, and blow-drying with N2. They were used as such or sputter-coated with a
titanium adhesion layer (~0.5 nm) and a semi-transparent gold film (~5 nm). All
substrates were exposed to UV/ozone (Jelight, Irvine, CA, USA) for 10 min prior to
further use.

2.2.1. Functionalization of surfaces with a biotin-displaying and otherwise inert
background

Gold-coated surfaces were immersed overnight in an ethanolic solution (Fisher,
Illkirch, France) of OEG disulfide and biotinylated OEG thiol (Polypure, Oslo, Norway)
at a total concentration of 1 mM and a molar ratio of thiol equivalents of 999:1, and
subsequently for 20 min in a stirred solution of pure ethanol, and blow-dried in N2.
Biotin-functionalized supported lipid bilayers (SLBs) were prepared by the method
of vesicle spreading though exposure of small unilamellar vesicles (SUVs; at 50 mg/
mL in working buffer supplemented with 2 mM CaCl2 (VWR International, Leuven,
Belgium)) to silica-coated surfaces, as described earlier [27]. SUVs were prepared by
sonication, as described earlier [28], from mixtures of dioleoylphosphatidylcholine
(DOPC) and dioleoylphosphatidylethanolamine-CAP-biotin (DOPE-CAP-b) (Avanti
Polar lipids, Alabaster, AL, USA) in a molar ratio of 95:5.

2.2.2. Surface functionalization with BSA and Fn
BSA and Fn were physisorbed on uncoated glass cover slips. To this end, the

cover slips were exposed to solutions of either BSA at 5 mg/mL or Fn at 5 mg/mL in
working buffer for 20 min.

2.3. Assembly of biomimetic surface coatings

The rationale behind the design of the self-organized biomolecular assemblies is
provided in the results section (Fig. 1). Unless indicated otherwise, the following
concentrations and exposure times were used: SAv e 20 mg/mL, 20 min; b-HS e

50 mg/mL, 10 min; CXCL12a e 5 mg/mL, 20 min; Fc-ICAM-1 e 0.1 mM, 30 min. Under
these conditions, binding is expected to saturate or equilibrate, irrespective of
whether the solution is flown (in QCM-D and SPR measurements), stirred (in SE
measurements) or still (for cell assays). In QCM-D measurements, the injection was
sometimes also stopped earlier once the binding curve had reached a plateau. To
obtain surfaces that display HS-bound CXCL12a together with Fc-ICAM-1, b-HS
(1 mg/mL; 30 min) and b-ZZ (0.05 mM; 5 min) were sequentially exposed to the SAv-
coated surfaces. Here, the concentrations and incubation times were chosen to
obtain desired surface densities (see Fig. S4 for details). Fc-ICAM-1 and CXCL12a
were then incubated until saturation and equilibrium, respectively, were reached.

For QCM-Dmeasurements, exposure to 20 mg/mL SAvwas routinely preceded by
a first SAv injection at low concentration (1 mg/mL) and decreased flow rate (6 mL/
min) for 5 min, to confirm the absence of protein depletion resulting from undesired
adsorption to the walls of the tubing or the QCM-D flow module due to insufficient
passivation: any depletion of SAv from the solution would result in a decreased
binding rate (compared to the established standard rate of �0.5 ± 0.1 Hz/min, see
Fig. 2AeB).

2.4. Quartz crystal microbalance with dissipation monitoring (QCM-D)

QCM-Dmeasures the changes in resonance frequency, Df, and dissipation, DD, of
a sensor crystal upon molecular adsorption on its surface. The QCM-D response is
sensitive to the mass (including hydrodynamically coupled water) and the me-
chanical properties of the surface-bound layer. Measurements were performed with
a Q-Sense E4 system equipped with 4 independent FlowModules (Biolin Scientific).
Sensor functionalization with biotinylated OEG monolayers was performed ex situ
before the measurement. All other surface functionalization steps proceeded in situ.
The systemwas operated in flowmodewith a flow rate of typically 10 mL/min using a
peristaltic pump (ISM935C, Ismatec, Zurich, Switzerland). The working temperature
was 24 �C. Df and DDwere measured at six overtones (i¼ 3, 5,…, 13), corresponding
to resonance frequencies of fi z 5, 15, 25, …, 65 MHz; changes in dissipation and
normalized frequency, Df ¼ Dfi/i, of the third overtone (i ¼ 3) are presented; any
other overtone would have provided comparable information.

For sufficiently rigid biomolecular layers at high surface coverage, the film
thickness was estimated from d ¼ �C/r � Df, where r is the film density and
C ¼ 18.06 ng/cm2/Hz the mass sensitivity constant for a sensor with a
fundamental resonance frequency of 4.95 MHz [19]. For very soft films, such as HS
monolayers, this equation is not valid. Here, film thickness was determined by
fitting the QCM-D data to a continuum viscoelastic model [29] with the software
QTM (D. Johannsmann, Technical University of Clausthal, Germany) [30,31] as
described in detail elsewhere [32]. These thickness values are provided as
average ± standard deviation from at least three independent experiments.

2.5. Spectroscopic ellipsometry (SE)

SE measures changes in the polarization of light upon reflection at a planar
surface. SE was employed in situ with a M2000V system (J. A. Woollam, Lincoln, NE,
USA) to quantify the surface density of adsorbed biomolecules in a time-resolved
manner [28]. The desired substrate was installed in a custom-built open cuvette
featuring a magnetic stirrer for continuous homogenization of the sample solution
(~150 ml; samples were pipetted into the solution) and a flow-through system for
rapid solution exchange during rinsing steps. Before use, the cuvette walls were
passivated against biomolecular binding with BSA [4]. Substrate functionalization
with biotinylated OEG monolayers was performed ex situ, before the measurement.
All other surface functionalization steps proceeded in situ. Measurements were
performed at room temperature.

Surface densities were quantified through fitting of the data to optical models, as
described in detail elsewhere [28,33]. The opaquemetal film and the OEGmonolayer
on gold-coated silicon wafers were treated as a single isotropic layer and fitted as a
B-spline substrate. The bulk silica of native wafers was also modelled as a B-spline
substrate. The native oxide film, alone or together with a deposited SLB, were
modelled as a single transparent Cauchy layer. Areal mass densities were deter-
mined through de Fejter's equation [20], using refractive index increments, dn/dc, of
0.15 cm3/g for b-HS, 0.18 cm3/g for all proteins and 0.17 cm3/g for lipids.

2.6. Surface plasmon resonance (SPR)

SPR measurements were performed with a Biacore T200 (GE Healthcare Bio-
Sciences) operated with Biacore T200 evaluation software (version 2.0.1). All mea-
surements were performed at 25 �C using a working buffer solution supplemented
with 0.005% (w/w) surfactant P20 (an additive employed to reduce nonspecific
adsorption to flow system surfaces). The gold-covered Biacore sensor chips were
first coated ex situwith a biotinylated OEG monolayer, and further functionalization
with SAv and b-HS to saturation proceeded in situ. Binding experiments were per-
formed by injecting CXCL12a at desired concentrations and at a rate of 75 mL/min for
4.5 min. Between binding assays, the surface was regenerated by two steps of
exposure to 2 M NaCl for 2min each. Upon NaCl treatment, the SPR signal returned to
within 5 RU to the level before incubation with chemokine, indicating full regen-
eration. Reference measurements were performed in parallel on SAv monolayers
lacking HS. To obtain the sensorgram shown in Fig. 4A, the reference data were
subtracted from the binding curves on HS films. The responses in the reference
channel were always below 10% of the total response, indicating that non-specific
binding and solution effects on the SPR response were minor.

2.7. T-lymphocyte culture and adhesion assays

The Jurkat cell line was obtained from the European Collection of Cell Cultures
(ECACC). Cells were maintained in Roswell Park Memorial Institute (RPMI 1640)



Fig. 2. Step-by-step self-assembly of GAG-presenting model surfaces. Surface functionalization was followed in situ by QCM-D (frequency shifts, Df e blue lines with square symbols,
dissipation shifts, DD e red lines) on an OEG monolayer (A) and on a SLB (B). Start and duration of incubation steps with different samples are indicated by arrows; during all other
times, the surface was exposed to working buffer. HS lacking biotin functionality did not bind to the SAv film on OEG monolayers (C) or SLBs (E) and CXCL12a did not bind to either
SAv film in the absence of HS (D, F). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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medium, supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 units/ml
penicillin, 100 mg/mL streptomycin (all from LifeTechnologies, Carlsbad, CA, USA).
Cells were grown at 37 �C under a 5% CO2 atmosphere, and passed at densities
between 2 � 105 and 2 � 106 cells/mL.

For cell adhesion assays, glass coverslips e either uncoated or coated with gold
and a biotinylated OEG monolayer e were attached, using a bi-component glue
(Picodent, Wipperfürth, Germany), to a custom-built teflon holder, thus forming the
bottom of 4 identical wells with a volume of ~50 ml each. Biomolecular samples for
surface functionalization were incubated in still solution. To remove excess sample
after each incubation step, the content was diluted by repeated addition of a 2-fold
excess of working buffer and removal of excess liquid until the concentration of the
solubilized sample, estimated from the extent of dilution, was below 10 ng/mL.
Repeated aspiration and release ensured homogenization of the liquid volume at
each dilution step. Care was taken to keep the substrates wet at all times. To avoid
unbinding of CXCL12a from HS films, excess CXCL12a in solution was not removed
and all cell suspensions were supplemented with 5 mg/mL CXCL12a prior to cell
plating.

Prior to plating, cells were re-suspended at a concentration of 106 cells/mL in
RPMI medium without serum. For life cell nuclear labelling, Hoechst 33342 (Sigma
Aldrich) at a concentration of 100 ng/mLwas added to the cell suspension. To test for
the specificity of the cellular recognition of CXCL12a through the receptor CXCR4, T-
lymphocytes were treated with the human monoclonal anti-CXCR4 antibody 12G5
(R&D Systems), which inhibits interaction with CXCL12a [13], at a concentration of
1 mg/mL for 1 h. For assays involving ICAM-1 displaying surfaces, 1 mM MgCl2 and
1 mM EGTA were added to the cell suspension 10 min before plating; this treatment
enhances the affinity of the ICAM-1 cell-surface receptor LFA-1 and thus promotes
adhesion to ICAM-1 displaying surfaces [34].

Cells were plated at a density of 2.5 � 105 cells per cm2 on the functionalized
glass cover slips. After incubation for 1 h, non-adhesive (and weakly adhesive)
cells were removed by gentle rinsing with a pipette in phosphate-buffered saline
(PBS; Sigma Aldrich) at pH 7.4. Differential interference contrast (DIC) micro-
graphs and epi-fluorescence micrographs of the nuclear labelling were taken
shortly before and after the rinsing step, using an inverted microscope (IX81;
Olympus, Hamburg, Germany) equipped with a 60� oil immersion objective
(PlanAPoN60XO; Olympus). At least 20 locations were imaged on each sample,
covering a surface area of at least 2 mm2, and used for further quantitative
analysis. The same locations were imaged before and after the rinsing step.
Volocity visualization software (PerkinElmer, Wlatham, MA, USA) was used for
analysis of fluorescence micrographs, to detect the cells and quantify cell surface
densities. From a comparison with manual cell counts on selected samples, we
estimate the error in the automated determination of cell surface densities to be
below 5%. All assays were repeated at least 4 times with independent cell cul-
tures. The percentage of adherent cells is presented as mean values ± standard
deviation of four independent experiments. To evaluate the statistical signifi-
cance between the mean values of more than two samples, the ANOVA test with
Bonferroni correction was applied, and a p-value for a ¼ 0.05 was extracted for
each sample combination.
3. Results

3.1. Design of well-defined biomimetic surfaces

The design of our biomimetic glycosaminoglycan-presenting
surfaces is schematically shown in Fig. 1. Two different ap-
proaches were used to immobilize GAGs. Both have in common that
they use biotinylated GAGs (here HS) and a monolayer of strepta-
vidin (SAv) on a passivating background that prevents non-specific
binding. The passivating background was either a gold-supported
oligo(ethylene glycol) (OEG) monolayer exposing biotin at the
end of a fraction of the OEGmolecules (Fig.1A) or a silica-supported
lipid bilayer (SLB) exposing biotin at the head of a fraction of the
lipids (Fig. 1B).

The design rules were chosen such that ensuing molecular in-
teractions give rise to self-assembled yet stable model surfaces that
are well-defined and tuneable with regard to the density, the
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orientation and the lateral mobility of the displayed molecules. In
particular, we expect SAv to be immobilized such that two of its
four biotin-binding sites are facing the surface for immobilization
while the other two binding sites are facing the solution to
accommodate target molecules. In this regard, SAv performed
better than neutravidin (which is perhaps more frequently used in
molecular labelling applications), because neutravidin has an
enhanced tendency to aggregate [35] and hence does not form
well-defined monolayers. Biotin conjugation of the target molecule
at a specific site affords immobilization at a well-defined and
desired orientation on SAv monolayers. In the case of HS, for
example, site-specific biotinylation at the reducing end ensures
binding with an orientation that mimics the attachment to HS-
displaying core proteins in the cell membrane [36]. Moreover,
because binding is stoichiometric and very stable, more than one
type of biotinylated molecules can be sequentially immobilized on
SAv monolayers. Because the bond forms rapidly (i.e. binding is
mass-transfer limited at sufficiently low surface densities), surface
densities of target molecules can be quantitatively tuned by varying
their solution concentrations and incubation times. The main dif-
ference between the two passivating backgrounds is the lateral
mobility of the SAv molecules. On SLBs, SAv and any target mole-
cule anchored to it can rotate and diffuse laterally (as illustrated by
the black arrows in Fig. 1B), provided that the SAv surface density is
low enough to prevent two-dimensional protein crystallization
[37,38] (the latter was reported to occur at surface densities above
75% relative to that of the crystalline phase, i.e. above 200 ng/cm2,
on lipid monolayers [39]).
To validate our approach, the step-by-step assembly of our
biomimetic surfaces was monitored by QCM-D (Fig. 2). OEG
monolayers were prepared ex situ prior to installing the gold-
coated sensors in the QCM-D chamber. SLBs were formed in situ
by the method of vesicle spreading, through incubation of the
silica-coated QCM-D sensor with 50 mg/mL SUVs (Fig. 2B). The final
shifts in frequency (Df ¼ �26 ± 0.5 Hz) and in dissipation
(DD� 0.3�10�6) indicates the formation of a confluent SLB of good
quality [40]. The binding kinetics upon successive incubation with
1 mg/mL (to check for sample depletion in the fluidic system, see
Methods for details) and 20 mg/mL (to rapidly saturate the surface)
SAv were comparable on both surfaces. At equilibrium, SAv gener-
ated frequency shifts of �23 ± 1 Hz on OEG monolayers
and �27 ± 1 Hz on SLBs, and on both supports, the shifts in dissi-
pation were below 0.4 � 10�6. From the frequency shifts, and
assuming a mean density of 1.2 g/cm3 for the SAv filmwith trapped
solvent [41], a film thickness of approximately 4 nm can be deter-
mined using Sauerbrey's equation, consistent with the molecular
dimensions of SAv. Overall, these responses are as expected for the
formation of rather dense protein monolayers [16,41], in which
each SAv molecule exposes two biotin-binding sites each towards
the surface and the bulk solution, respectively.

b-HS, incubated at 50 mg/mL, readily bound to the free biotin-
binding sites on the SAv monolayers, with frequency shifts at
equilibrium of �31 ± 1 Hz on OEG monolayers and �33 ± 2 Hz on
SLBs, and with corresponding dissipation shifts of 5.0 ± 0.5 � 10�6

and 5.5 ± 0.5 � 10�6, respectively. These responses indicate the
formation of a soft and presumably highly hydrated film. The HS
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Fig. 4. SPR analysis of CXCL12a binding to HS films. (A) SPR response for the binding of CXCL12a at different concentrations (0e800 nM, as indicated, corresponding to 0e6.4 mg/mL)
to a model surface presenting a dense monolayer of b-HS on a SAv-coated OEG monolayer as represented in Fig. 1A. The chemokine was injected from 0 to 270 s, followed by rinsing
in buffer alone. (B) Quantitative analysis of SPR data through fitting. The binding isotherm, obtained from the SPR responses close to equilibrium in A (black symbols) was well
described by a Langmuir isotherm (red line) with KD ¼ 0.13 ± 0.02 mM (or 1.1 ± 0.2 mg/mL) and a maximal binding of 1910 ± 100 RU (mean ± standard deviation of 3 measurements).
Data at 25 nM from a selected measurement (inset, blue line) were fit with a one-to-one Langmuir type kinetic model (black line), from which kon ¼ 2.3 � 105 M�1 s�1,
koff ¼ 1.7 � 10�2 s�1, KD ¼ 73 nM (or 0.59 mg/mL) and a maximal binding of 790 RU were extracted. (For interpretation of the references to colour in this figure legend, the reader is
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E. Migliorini et al. / Biomaterials 35 (2014) 8903e89158908
film was completely stable to rinsing in buffer, as expected for
immobilization through the strong biotin-SAv bond. We note that
the HS surface densities obtained in the present measurements
correspond to the maximal attainable coverage. Lower surface
densities can be readily obtained by tuning b-HS incubation time
and concentration. By fitting the QCM-D responses to a viscoelastic
model, the effective thickness of the HS films was estimated to be
11.6 ± 1.2 nm. In comparison, the average contour length of the
employed HS chains is approximately 25 nm. The QCM-D data are
hence consistent with the formation of a film of end-grafted HS, in
which the individual chains are slightly coiled and/or point in
random directions with respect to the surface normal.

The chemokine CXCL12a, incubated at 5 mg/mL, generated
negative shifts in frequency (�9 ± 1 Hz on both surfaces), indicating
binding. The strong concomitant decrease in dissipation
(by�5 ± 1�10�6 on OEGmonolayers and�4.4 ± 1�10�6 on SLBs)
indicates protein-induced rigidification of the HS film. This
remarkable effect merits further investigation, which will be the
subject of a forthcoming study. Upon subsequent rinsing in buffer,
frequency and dissipation increased slowly but did not return to the
level of the virgin HS film, demonstrating that some CXCL12a was
released over experimentally accessible time scales whereas a
sizeable fraction remained rather stably bound and displayed byHS.

We performed several additional assays to validate the quality of
our surfaces and the specificity of immobilization. Bovine serum
albumin (BSA) at 100 mg/mL did not bind to the OEG monolayer
(Fig. 2A), confirming that the OEG film indeed effectively blocks
against access of proteins to the underlying gold surface. BSA also
did not bind to the SLB or to the SAv monolayers (not shown). HS
lacking biotin functionality did not bind to any of the SAv mono-
layers (Fig. 2C and E), confirming that b-HS is exclusively immo-
bilized through the biotin moiety at the GAG's reducing end.
CXCL12a did not bind any of the SAv monolayers in the absence of
HS (Fig. 2D and F), confirming that chemokine binding to HS is
specific. Moreover, the CXCL12a fraction that remained in the HS
film after rinsing with buffer could be eluted, and the HS film thus
fully regenerated, by exposure of the surfaces to 2 M of either
guanidine hydrochloride (GuHCl; Fig. S1) or NaCl (not shown).
3.2. Quantitative analysis of surface densities of functional
biomolecules

The surface densities of biomolecules during the step-by-step
assembly of the biomimetic surfaces were quantified by spectro-
scopic ellipsometry (SE; Fig. 3). As for the QCM-D measurements,
OEG monolayers were formed ex situ, whereas all other immobili-
zation steps were followed in situ. Time-resolved data for OEG
monolayers and SLBs are displayed in Fig. 3A and B, respectively,
and Table 1 provides quantities extracted at equilibrium. The lipid
surface density at equilibrium (380 ng/cm2) is consistent with ex-
pectations for an SLB. At the maximal attained SAv coverage on
SLBs, the average surface area available per SAv molecule was
~37 nm2. In comparison, the projected surface area of an appro-
priately oriented SAv molecule was estimated to
4.3 nm � 5.4 nm z 23 nm2 [41], confirming that SAv formed a
dense monolayer. Consistent with expectations from the QCM-D
frequency responses (Fig. 1AeB), OEG monolayers could accom-
modate a similar yet slightly (18%) lower density of SAv, corre-
sponding to an average surface area per molecule of ~45 nm2. The
increased binding on SLBs could be due to the lateral mobility of
SAv on fluid SLBs, allowing reorganization into a more densely
packed monolayer. Taken together, with two biotin-binding sites
available per SAv molecule, the average surface area per biotin-
binding site (i.e. anchor point for b-HS) on saturated SAv mono-
layers would be 21 ± 2 nm2, corresponding to an average spacing of
4.5 nm (assuming packing in a square lattice).

The binding curves for b-HS in Fig. 3 reveal a constant binding
rate up to approximately 80% of maximal coverage, and a rapid
saturation thereafter. This indicates that HS binding is mass-
transfer limited at low surface densities [42], and that kinetic
limitations due to crowding of HS chains on the surface do only
weakly affect HS binding even at high surface densities. This would
suggest that all solution-facing biotin-binding sites (i.e. two per SAv
molecule) can be occupied with b-HS. According to Table 1, and
considering a SAv molecular mass of 60 kDa [41], the amount of HS
bound on average per biotin-binding site is 5.2 ± 0.6 kDa. This value
is inferior to the average HS molecular mass employed (12 kDa).



Table 1
Adsorbed amounts (Gmax) and surface areas available per molecule (Amin) at equilibrium for SAv, b-HS and CXCL12a. Data was extracted from SE measurements. Mean values
and standard errors from the mean were derived from 3 independent measurements. The adsorbed amount and the average surface area occupied per deposited molecule
were estimated to quantify the number of SAv or HS molecules grafted per unit surface area, and the stoichiometry of chemokine binding.

Immobilization platform SAv b-HS CXCL12a

Gmax Amin Gmax Amin Gmax Amin

(ng/cm2) (nm2) (ng/cm2) (nm2) (ng/cm2) (nm2)

OEG monolayer on gold 235 ± 6 42.4 ± 1.1 35.5 ± 2.2 56.3 ± 3.5a 78 ± 7 17.4 ± 1.6
SLB on silica 273 ± 8 36.5 ± 1.5 46.8 ± 1.5 42.6 ± 1.4a 120 ± 20 11.5 ± 1.9

a Assuming an averagemolecular weight of 12 kDa per surface-bound b-HS. This assumption is based on the averagemolecular weight determined for HS in solution prior to
biotinylation. In reality, the surface-binding might favour low molecular weight HS. When assuming instead that two HS chains are bound per SAv molecule, the average
molecularweight per surface-bound b-HSwould be 5.2±0.3 kDa on SLBs and 4.6± 0.4 kDa onOEGmonolayers and Amin for b-HSwould correspond to 0.5 times theAmin for SAv.
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The discrepancy is likely a consequence of the large size distribu-
tion of HS in solution, i.e. capture on SAv has selected the shortest
chains in the initial HS sample. The binding of smaller molecules
tends to be favoured, because of their faster diffusion and hence
mass transfer to the surface [42] and because they may also
penetrate an existing HS film more easily. Assuming an average
molecular mass of an HS disaccharide of 500e550 Da [43], we can
estimate that 10 ± 2 disaccharides are bound on average per biotin-
binding site. With a length of 1.0 nm per disaccharide, the average
chain contour length would then be 10 nm. The final b-HS surface
density on OEG monolayers was slightly lower than on SLBs. This is
most likely a consequence of the reduced SAv density on OEG
monolayers. Indeed, within the experimental uncertainties, the
mass ratio of b-HS to SAv was constant on both surfaces.

The binding curve for CXCL12a reproduced many features
already observed by QCM-D (Fig. 2AeB), such as rapid binding and
equilibration and partial release of proteins upon rinsing in buffer.
Thanks to the quantification of surface densities afforded by SE
(Table 1), and with a CXCL12a molecular mass of 8.1 kDa, it is
possible to estimate that each CXCL12a molecule has approxi-
mately 3.5 kDa HS, corresponding to roughly 7 disaccharides,
available on average at equilibrium.

3.3. Application of the biomimetic GAG-presenting surfaces to
molecular interaction analysis

Surface plasmon resonance (SPR) was used to analyse thermo-
dynamic and kinetic parameters of the interaction of CXCL12awith
HS films (Fig. 4). SPR studies of CXCL12a binding to HS have pre-
viously been reported [9] using a film of carboxymethylated
dextran (i.e. Biacore CM4 sensor chips) with covalently immobi-
lized SAv as an immobilization platform. The dextran film is
approximately 100 nm thick [44] and hence represents a three-
dimensional environment into which b-HS was bound (at un-
known volume densities). The model surfaces in our study are
distinct, in that all HS molecules are presented at the same orien-
tation in the form of a monolayer with controlled surface density.
As for QCM-D (Fig. 2A) and SE (Fig. 3A) measurements, the gold-
coated SPR sensor chip was first functionalized ex situ with an
OEG monolayer, and subsequent functionalization was monitored
in situ. At saturation, 2550 ± 25 and 330 ± 20 response units (RU)
were reached for SAv and b-HS, respectively. According to Table 1,
these values correspond to surface densities of approximately 235
and 35 ng/cm2, respectively.

The sensorgram in Fig. 4A shows a response in CXCL12a binding
that is dose dependent in the initial binding rates and the binding
equilibrium, as expected. For low protein concentrations
(�100 nM), the binding curves were conventional and the protein
could be close-to-completely removed upon rinsing in buffer. The
unbinding curves at the lowest employed concentration (25 nM)
were well-fitted by a one-to-one Langmuir type binding model
(Fig. 4B, inset), revealing an association rate constant
kon ¼ 2.3 � 105 M

�1 s�1, a dissociation rate constant
koff ¼ 1.7 � 10�2 s�1, and hence a dissociation constant KD ¼ koff/
kon¼ 73 nM (or 0.59 mg/mL), and amaximal response of 790 RU. The
results of the fit varied somewhat depending on how much of the
unbinding curve was included in the fit, and from these variations
we estimate the KD to be accurate to within a few 10%. The simple
one-to-one binding model increasingly failed to reproduce the
experimental data with increasing protein concentration. Above
100 nM, a peculiar multi-phase binding response appeared: a first
fast binding was followed by a quasi-plateau and a phase of slower
binding before equilibrium was reached. Moreover, a substantial
fraction of the chemokine remained bound upon rinsing in buffer at
these protein concentrations. The multi-phase binding response
and the limited release appear to be correlated, suggesting that
CXCL12a can bind to HS in at least two distinct ways.

The complex binding pattern precluded a further quantitative
analysis of the kinetic SPR data. However, a binding isotherm was
constructed from the SPR responses close to equilibrium (Fig. 4B).
The data could be fitted with a Langmuir isotherm with
KD ¼ 0.13 ± 0.02 mM (or 1.1 ± 0.2 mg/mL) and a maximal response of
1910 ± 100 RU, both significantly larger though of the same order of
magnitude as the values obtained above for a solution concentra-
tion of 25 nM. Considering the complex binding pattern observed by
SPR, and the heterogeneous sulphation of HS, it is rather surprising
that the binding isotherm is so well described by the simple
Langmuir binding model. The agreement might well be coinci-
dental, and we therefore suggest that the KD ¼ 0.13 mM obtained
through the binding isotherm should be considered an effective
value rather than representing the true binding affinity of a one-to-
one binding interaction. Notably, our effective KD value is compa-
rable to the value of 0.20 mM, previously obtained by SPR with a film
of HS-functionalized carboxymethylated dextran using an HS
preparation of comparable sulphation and molecular weight [9].
The KD ¼ 73 nM obtained through analysis of the kinetic data at
25 nM, on the other hand, may be a true binding constant, repre-
senting the highest-affinity binding sites in the HS film. Since
CXCL12a tends to bind to highly sulphated regions [47], one would
expect this number to be comparable to the affinity of CXCL12a for
the highly sulphated GAG heparin. Indeed, a similar value of 93 nM
has been reported for heparin [9].

We note that the SPR responses at equilibrium upon CXCL12a
binding (Fig. 4A) were several fold larger than what was previously
reported on CM4 sensor chips [9]. Most likely, this is due in part to a
higher HS density selected in our assays and in another part to an
enhanced sensitivity of our assay (i.e. because the SPR sensitivity
decays exponentially with the distance from the gold surface, and
the interactions in our assay are confined to within about 20 nm
whereas the CM4 chip samples approximately 100 nm). By
comparing the SE data for CXCL12a binding (at 5 mg/mL or 620 nM
solution concentration; Table 1) with the Langmuir isotherm
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derived from SPR (Fig. 4B), we can estimate that the maximal SPR
response of 1910 RU corresponds to roughly 6 disaccharides
available on average per CXCL12a. CXCL12a is known to dimerize
upon binding to GAGs, with the GAG binding site being located at
the interface between the constituent monomers [45e47], i.e. 12
disaccharides would be effectively available per CXCL12a dimer
binding site. In comparison, structural models and binding data
have suggested that a CXCL12a dimer occupies approximately 6
disaccharides [47,50]. Thus, if all CXCL12a are bound directly to HS
and if CXCL12a binds exclusively to the highly sulphated regions,
then this would mean that about one half of the HS is highly
sulphated. The degree of sulfation in HS is diverse and depends on
the source, but the above calculation is clearly in the range of what
is possible.
3.4. Application of the biomimetic GAG-presenting surfaces to
cellular interaction studies

Increasing complexity, the biomimetic GAG-presenting surfaces
were used to trigger specific cellular responses. As a model system,
we chose CXCL12a-loaded HS-presenting surfaces and Jurkat cells
as a CXCL12a sensitive T-lymphocytes cell line [13]. In a first step,
the adhesion of Jurkat cells to surfaces with different functionali-
zations was assessed by quantifying the fraction of cells that
resisted gentle rinsing with a pipette after 1 h of exposure to the
surface (Fig. 5). Less than 20% of cells adhered stably to glass cover
slips with physisorbed BSA whereas more than 60% of cells
remained attached on glass cover slips with physisorbed fibro-
nectin (Fn). These surfaces served as negative and positive controls,
respectively.

All other functionalizations were performed on OEGmonolayers
on coverslips coated with a 5 nm (i.e. semi-transparent) gold film,
following the previously established protocol (Fig. 1A). Surfaces
displaying a virgin SAv monolayer or a SAv monolayer with HS film
showed a level of cellular adhesion that was comparable to the
negative control (Fig. 5). This demonstrates that our surfaces are
resistant to non-specific cellular adhesion, as desired. The presence
of CXCL12a at 100 ng/ml in the bulk solution did not enhance cell
adhesion to a virgin SAv monolayer. At this chemokine concentra-
tion, close to CXCL12a plasma concentration during inflammation
[48], T-lymphocytes are known to become activated [49]. Evenwith
CXCL12a at 5 mg/mL in the bulk solution, T-lymphocyte adhesion
remained at baseline level on virgin SAv monolayers. We conclude
that stimulation through CXCL12a in the solution does not promote
significant (non-specific) cell adhesion.

In contrast, when CXCL12a was presented by the surface
through HS (Fig. 5), cellular adhesion increased significantly, to
levels that were comparable or even superior to Fn-displaying
surfaces. Considering that CXCL12a is not known as a cell adhe-
sion ligand and that CXCL12a binds reversibly to the HS-coated
surface, this finding is surprising. When CXCL12a-binding to its
cell-surface receptor CXCR4 was blocked with the anti-CXCR4
antibody 12G5 [13], cell adhesion returned to baseline levels,
demonstrating that CXCL12a-mediated adhesion of Jurkat cells to
HS-presenting surfaces is specific and mediated by CXCR4.

In a complementary assay, we tested if the presence of HS was
required for CXCL12a-mediated cellular adhesion (Fig. 5). To this
end, CXCL12a was immobilized directly on the SAv monolayer
indicated concentrations. Jurkat cells were incubated for 1 h and non-adhesive cells were the
of labeled cell nuclei (blue)) are representative and were taken shortly before (left column
percentage of adherent cells that remained after rinsing as a function of surface functionaliza
median, respectively, the lower and upper boundaries of the box are determined by the 25th
minimum value observed. ANOVA tests were performed to obtain p-values. (For interpreta
version of this article.)
using a biotinylated protein construct (Fig. S2). Site-specific
conjugation with a biotin at position 68, the C-terminal residue
that is not expected to interfere with CXCL12a binding to HS (see
Fig. S2A) or to the cell surface receptor CXCR4 [50], ensured
close-to-stoichiometric binding of CXCL12a to SAv (i.e. two
CXCL12a molecules per SAv, Fig. S2B) at appropriate orientation.
There was no significant difference in the cellular adhesion be-
tween the two methods of CXCL12a presentation (Fig. 5B; p-
value ¼ 0.9). Therefore, under the employed conditions
(including CXCL12a surface densities of similar magnitude, see
Fig. 3A and Fig. S2B), the presentation of the chemokine through
HS does apparently not alter the cellular response in terms of
adhesion to CXCL12a as compared to chemokine presentation in
the absence of HS.
3.5. Cell adhesion on surfaces presenting GAGs together with cell
adhesion ligands e towards more complex cellular interaction
studies

With its modular design, our surface functionalization platform
can readily accommodate multiple biotinylated compounds,
generating multifunctional surfaces (Fig. 1A). To demonstrate this,
surfaces were created onwhich the intercellular adhesionmolecule
1 (ICAM-1) was immobilized, either alone or in combination with
HS. ICAM-1 is known to be presented by the endothelial cell surface
and to bind to the leucocyte function-associated antigen-1 (LFA-1;
also called integrin aLb2). This interaction is responsible for the
attachment of T-lymphocytes to the vascular endothelium, a pre-
cursor step towards migration through the endothelial barrier [51].
Here, we tested how the co-presentation of HS-bound CXCL12a and
ICAM-1 affects cell adhesion.

The assembly of the new model surface was first characterized
by QCM-D. A fusion protein made from two ICAM-1 extracellular
domains and an immunoglobulin Fc domain (Fc-ICAM-1) could
be immobilized stably and with desired orientation through an
adaptor protein (b-ZZ) that contained two Z-fragments of Protein
A (for binding to the Fc domain) and a site-specifically conjugated
biotin (for binding to SAv) (Fig. S3). Fig. 6A confirms that b-HS
and b-ZZ can be sequentially immobilized on the same SAv
monolayer, and that the resulting surface can be used to co-
display CXCL12a (specifically through b-HS, see also Fig. S3A)
and Fc-ICAM-1 (specifically through b-ZZ, see also Fig. S3B). For
the cell adhesion assays, surfaces presenting HS-bound CXCL12a
together with ICAM-1 were compared with surfaces presenting
either HS-bound CXCL12a or ICAM-1 alone. Surfaces displaying
b-ZZ, either alone or with HS, were used as negative controls.
Throughout the assay, surface densities of the incubated com-
ponents were maintained constant. The surface coverage of b-HS
and b-ZZ was controlled by varying the samples' solution con-
centrations and incubation times and exploiting the fact that
binding to SAv is mass transport limited at sufficiently low b-HS
and b-ZZ surface densities (Fig. S4). The surface density of b-HS
was fixed to 35 ± 5% of the maximal surface density (Fig. S4A),
corresponding to an average distance of about 13 nm between
neighbouring HS chains. Onto this low-density HS film, CXCL12a
bound with an equilibrium surface density of 35 ± 4 ng/cm2

(Fig. S4B). b-ZZ was immobilized at 7 ng/cm2 (Fig. S4C). This
surface density, corresponding to an average distance of 28 nm
n removed by gentle rinsing. Micrographs (DIC (gray scale) overlayed with fluorescence
s) and after (right columns) rinsing. (B) Box plot representing the distribution of the
tion. The small square and the horizontal line inside the box indicate the mean and the
and 75th percentiles, respectively. The crosses correspond to the maximum and to the

tion of the references to colour in this figure legend, the reader is referred to the web
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between neighbouring anchor points for Fc-ICAM-1, was chosen
to have an ICAM-1 surface density not too high to be able to
appreciate the effect of the co-presentation of the integrin ligand
with the chemokine presented through HS.

Considering the molecular dimensions of the Fc-ICAM-1
construct e the five immunoglobulin (Ig)-like domains per each
of the two ICAM-1 domains [52] and the four Ig domains of the Fc
part [53] are expected to form an assembly of two bent rods
aligned at the Fc part, where each rod is about 26 nm long and
2 nm in diameter e it is unlikely that steric constraints will limit
the binding of Fc-ICAM-1 to b-ZZ, and the average distance be-
tween ICAM-1 dimers is therefore estimated to be also 28 nm.
Moreover, with the chosen surface densities, surface crowding
should not limit immobilization of any of the molecular species. In
contrast to the previous assay (Fig. 5), Jurkat cells were treated
with 1 mM MgCl2 and 1 mM EGTA to induce high-affinity binding
of LFA-1 to ICAM-1 and thus to enhance T-lymphocyte adhesion
[54,55].
Results are presented in Fig. 6BeC. Only 10% of the cells adhered
to the negative control surfaces, comparable to the BSA control
previously used (Fig. 5B), confirming low non-specific binding. A
larger fraction of cells, about 34% and 26%, adhered to surfaces dis-
playing either Fc-ICAM-1 or HS-bound CXCL12a alone, respectively.
Interestingly, the adhesion increased drastically, to about 80%,when
ICAM-1 andHS-boundCXCL12awerepresented together. This assay
thus demonstrates that the co-presentation of an integrin ligand
and a GAG-bound chemokine elicits a cellular response that is
distinct from the response to each individual cue alone.
4. Discussion

We have developed a bottom-up biosynthetic approach to
reconstitute GAGs and other cell membrane and extracellular ma-
trix molecules (lipids and proteins) into well-defined model sur-
faces and demonstrated the application of these tailor-made
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biomimetic environments for quantitative molecular and cellular
studies.

The presented surface functionalization strategy is versatile. SAv
monolayers serve as a molecular breadboard for the selective
coupling of various biomolecules. SAv acts as a host for biotinwhich
is site-specifically conjugated, either directly to the desired
biomolecule (e.g. Fig. 2 and Fig. S2) or to an adaptor molecule that
binds other tags. The latter was demonstrated here with b-ZZ and
an Fc chimera (Fig. S3) and other highly specific yet stable in-
teractions can also be exploited (e.g. multivalent NTA constructs
and histidine tags [56]). Moreover, the surface density e and hence
also the average molecular spacing e can be controlled (Fig. 3) and
tuned (Fig. S4). Although not explicitly demonstrated in this study,
the design principle also enables comparative studies on surfaces
displaying immobile (Fig. 1A) vs. laterally mobile (Fig. 1B) mole-
cules, e.g. to assess the importance of ligand clustering in cellular
interactions. Taken together, surface functionalization combined
with the design of molecular building blocks through synthetic
conjugation chemistry or biochemistry thus provide a toolbox of
interactions for the assembly of multifunctional surfaces in a
molecular-lego-type fashion.

The employed surface design, validated by QCM-D and SE
characterization, confers control on molecular orientation such
that the appropriate molecular face is exposed to the solution
phase. This ensures that the vast majority of immobilized mole-
cules remains active, in contrast to conventional immobilization
approaches such as physisorption (e.g. in enzyme-linked immu-
nosorbent assays (ELISA)) or covalent coupling through random
sites (e.g. carboxylic acids or primary amines via EDC NHS
chemistry), where surface-induced denaturation and/or spatial
constraints can drastically limit the activity of immobilized
molecules [57,58]. Biospecific interactions are also more rapid
than practically relevant covalent chemistries (including the so-
called ‘click’ chemistries), thus enabling rapid assembly of the
biomimetic surfaces. The interactions between biotin and SAv, or
between Fc and Z domains, are strong enough for the surfaces to
remain stable over many hours. Where required, such non-
covalent yet rapid and highly specific interactions could be
exploited for initial coupling to guide the subsequent formation
of covalent bonds at desired sites with enhanced rates [59],
thereby enhancing stability and further broadening the applica-
tion range.

Several proof-of-concept measurements illustrated the use of
the biomimetic surfaces for mechanistic studies. On the molecular
scale, we find that CXCL12a may bind to HS in several distinct
ways (Fig. 4). CXCL12a is known to dimerize upon binding to GAGs
[45e47], and higher-order oligomers of this chemokine have also
been reported [60]. Moreover, HS are heterogeneously sulphated
and CXCL12a is known to bind preferentially to the highly
sulphated domains [47]. All these factors might contribute to the
complex binding behaviour, in a way that remains to be eluci-
dated. We also find that CXCL12a rigidifies HS films (Fig. 2AeB),
indicating that the interaction of this chemokine affects the su-
pramolecular arrangement of HS chains. In future studies, the
model surfaces should be versatile towards elucidating the mo-
lecular mechanism behind GAG matrix remodelling by CXCL12a
and its functional consequences. More generally, it becomes
possible to study directly on the supramolecular scale how
extracellular proteins bind to GAG matrices and remodel them, or
how the presentation of GAGs affects protein retention and dy-
namics (e.g. towards the formation of chemokine gradients
[24,61]).

At the cellular level we demonstrate that the specific interaction
between HS-bound CXCL12a and the receptor CXCR4 promotes T-
lymphocyte adhesion (Fig. 5). Given that the interaction between
HS and CXCL12a is reversible and considering that no other bona
fide cell adhesion receptor is involved, this finding is remarkable. It
suggests that CXCL12a can interact simultaneously and in trans
with HS and CXCR4 and that this interaction is strong enough to
confer adhesion. The CXCL12a-mediated bridging of CXCR4 and HS
is consistent with the observation that in CXCL12a, the binding
domains for GAG and CXCR4 are spatially distant and do not
interfere functionally [62].

Although the presentation of CXCL12a through HS and in the
form of b-CXCL12a is distinct e HS displays CXCL12a in dimeric
form [45e47] and reversibly bound whereas b-CXCL12a is
monomeric and irreversibly immobilized e no significant dif-
ference in the adhesion of T-lymphocytes was found. This
observation might suggest that the specific conformation in
which CXCL12a is presented is not crucial for chemokine
recognition by T-lymphocytes. It has been demonstrated that,
when presented in solution, both monomeric and dimeric
CXCL12a are recognized by CXCR4. However, the oligomerization
state has antagonistic effects on cell signalling and function [63]:
low monomer concentrations enhanced chemotaxis while the
dimer inhibited chemotaxis [64,65]. The assays here developed
enable the presentation of CXCL12a in a matrix-bound form,
mimicking in this way the endothelial cell surface, and thus
provide means to test how distinct presentations of CXCL12a in a
matrix-bound form affect cellular response. Future studies
should investigate if the display of CXCL12a through an HS ma-
trix, and the potential internalization of the reversibly HS-bound
chemokine by the cell, leads to distinct downstream effects that
are not detectable in the simple cell adhesion assay used here. It
will also be interesting to analyse how the oligomerization state
of CXCL12a affects the cellular response. Moreover, assays with
distinct GAG conjugates would enable to study how the HS sul-
phation pattern or the GAG type affect chemokine-mediated
cellular responses.

While integrins and L-selectin are recognized as the major
adhesion receptors expressed on the surface of T cells [51], it is
known that signals from homeostatic chemokine receptors are
essential for stable cell adhesion and migration [66,67]. Here, we
demonstrate that when chemokines and integrin ligands are co-
presented, their combined effect increases the adhesion of T-
lymphocytes as compared to either molecule alone (Fig. 6). Future
studies should investigate if ICAM-1 and HS-bound CXCL12a
promote cell adhesion independently, or if the enhanced adhesion
is the consequence of any cooperative action involving cross-talk
between receptors. For example, it has been proposed that the
cellular signalling pathways triggered by CXCL12a and ICAM-1
cooperate, increasing LFA-1 avidity to ICAM-1 [68]. Such a study
will require analysis of cell signalling processes, which is
amenable with our surfaces yet outside the scope of the current
work.

The discussed examples illustrate that the strategy to create
biomimetic surfaces described here represents a versatile experi-
mental platform for mechanistic studies of GAG-protein in-
teractions on the molecular and supramolecular scale, and of GAG-
mediated cellecell and cell-matrix communication. The platform
could also be useful for in vitro diagnostic studies and for drug
development. Indeed the strategy could be used for the formation
of surfaces presenting gradients of GAGs and proteins, to study the
effect of specific compounds/drugs on T-lymphocyte migration
during the immune response. Moreover, methods for the controlled
presentation of chemokines by HSmay be of key importance for the
design of chemokine-loaded implantable devices for regenerative
medicine or tissue remodelling purposes. For example, it was
recently shown that CXCL12a-HS binding is necessary for post
ischemia revascularization [69].
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5. Conclusions

We have presented a versatile strategy to create biomimetic
surfaces that present GAGs together with other cell surface or
extracellular matrix molecules in a background of low non-specific
binding. We have demonstrated that the orientation of the
immobilized molecules can be controlled and their surface density
tuned, thanks to the surface design and quantitative characteriza-
tion by surface sensitive techniques, and how this platform can be
used for functional studies on the molecular, supramolecular and
cellular levels. T-lymphocytes adhere specifically to surfaces pre-
senting CXCL12a and CXCL12a presented through HS enhanced
cellular adhesion when co-immobilized with ICAM-1. The strategy
to create multifunctional biomimetic surfaces should be broadly
applicable for functional studies that require a well-defined su-
pramolecular presentation of GAGs along with other matrix or cell-
surface components.
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