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Abstract

The chemokine CXCL12α is a potent chemoattractant that guides the migration of muscle 

precursor cells (myoblasts) during myogenesis and muscle regeneration. To study how the 

molecular presentation of chemokines influences myoblast adhesion and motility, we designed 

multifunctional biomimetic surfaces as a tuneable signalling platform that enabled the response of 

myoblasts to selected extracellular cues to be studied in a well-defined environment. Using this 

platform, we demonstrate that CXCL12α, when presented by its natural extracellular matrix 

ligand heparan sulfate (HS), enables the adhesion and spreading of myoblasts and facilitates their 

active migration. In contrast, myoblasts also adhered and spread on CXCL12α that was quasi-

irreversibly surface-bound in the absence of HS, but were essentially immotile. Moreover, co-

presentation of the cyclic RGD peptide as integrin ligand along with HS-bound CXCL12α led to 

enhanced spreading and motility, in a way that indicates cooperation between CXCR4 (the 
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CXCL12α receptor) and integrins (the RGD receptors). Our findings reveal the critical role of HS 

in CXCL12α induced myoblast adhesion and migration. The biomimetic surfaces developed here 

hold promise for mechanistic studies of cellular responses to different presentations of 

biomolecules. They may be broadly applicable for dissecting the signalling pathways underlying 

receptor cross-talks, and thus may guide the development of novel biomaterials that promote 

highly specific cellular responses.
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1 Introduction

Muscle development and repair are highly organized processes orchestrated by muscle 

progenitor cells and crucial for body function [1]: skeletal muscle stem cells (satellite cells) 

that are typically quiescent undergo a series of modifications including activation, 

proliferation and differentiation into myoblasts in response to muscle injury, and in vitro 
studies have shown that the migration of myoblasts is crucial for myogenesis and muscle 

regeneration [2–4]. Cell adhesion and migration are early events necessary to achieve cell–

cell contacts, which are essential for the alignment of myoblasts, their subsequent fusion and 

formation of myotubes [2, 4–6]. Migration is a complex process that is guided by 

chemokines, small soluble signalling proteins that exhibit chemoattractant properties [7]. 

Chemokines are secreted in response to injury but they are also required for the migration of 

muscle precursor cells during embryogenesis [6]. In particular, the chemokine CXCL12α, 

previously called stromal cell-derived factor-1α, SDF-1α, and its major receptor CXCR4 

have been shown to be important for the migration of myoblasts during myogenesis and 

muscle regeneration, both in vivo [6, 8–10] and in vitro [11–13].

Once secreted, chemokines are usually sequestered and presented to the cells via the 

extracellular matrix (ECM), notably via glycosaminoglycans (GAGs) such as heparan 

sulfate (HS) or chondroitin sulfate (CS) [14]. GAGs are linear, flexible polysaccharides and 

ubiquitously present at the cell surface and in the ECM. Most GAGs are covalently attached 

through their reducing end to core proteins, thus forming proteoglycans [15, 16]. GAGs bind 

to a plethora of proteins, including chemokines, and via these interactions, regulate matrix 

assembly and remodelling, as well as cell-matrix and cell-cell interactions [17]. The 

interaction between GAGs and chemokines is reversible and chemokines retain a certain 

degree of mobility in the ECM: by binding chemokines, GAGs help organizing and 

maintaining extracellular gradients of chemokines, thus providing directional cues for 

migrating cells [18–22]. Even though the functional importance of HS as an ECM ligand for 

chemokines is well established, the effects that the presentation of CXCL12α chemokines 

through HS has on the recognition of chemokines by the cells and the ensuing cellular 

responses such as spreading and migration has not been studied in detail.

An important requirement for myoblasts and other cells to be able to migrate is a balance 

between adhesion and detachment [23]. Integrins are well established as receptors for cell 
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adhesion, and known to act by binding to specific sites such as the arginylglycylaspartic acid 

(RGD) tripeptide present in ECM structural proteins like fibronectin and collagen. Among 

the members of the large integrin family, β1 and β3 integrins have been identified to be 

important for myogenesis in vivo and in vitro [1, 24–29]. The precise role of their 

involvement in myoblast adhesion and more importantly, migration, has not yet been 

studied. There are also several alpha integrin subunits expressed by myoblasts. Among 

these, α7 integrin is known to be highly expressed after myoblast fusion and associated with 

the maturation into myotubes [25]. This integrin subunit is thus used as a marker for 

primitive muscle cells although it is not expressed at the very early stage of myoblast 

adhesion (A. Valat, C. Picart, C. Albiges-Rizo, unpublished data). We [30] and others [31] 

have previously shown that the binding to integrin ligands is not strictly required for the 

attachment and migration of T lymphocytes, and suggested that the engagement with ECM-

bound chemokines is sufficient for these processes to occur. This raises the question if 

myoblasts, which in contrast to T lymphocytes adhere constitutively to integrin ligands, are 

similarly able to migrate in chemokine-presenting environments even in the absence of 

integrin ligands. Ultimately, it is also important to understand how concurrent stimulation of 

chemokine receptors and integrins affects the balance between myoblast adhesion and 

detachment, and eventually, migration (haptotactic balance).

Biomimetic in vitro environments have emerged as important tools for studying how one or 

several specific extracellular cues regulate cell behaviour [29, 32–35]. Such mechanistic 

studies are difficult in vivo, because the native environment is too complex, the accessible 

parameter range is restricted and it is difficult to control one parameter without 

simultaneously affecting others. Biomimetic environments enable to dissect the role of 

individual parameters to cellular responses, and how a subset of defined biochemical or 

physical signals defines cell behaviour. In this way, they can provide insight that is difficult 

to obtain in vivo, and are complementary to in vivo work were cell migration is probed in 

the much more complex native environment. Traditionally, in vitro biological studies aimed 

at understanding the role of chemokines in physiological processes, including myogenesis, 

have used chemokines in a soluble form, by adding them in the cell culture medium [6, 11–

13]. This is distinct from the physiological environment where chemokines are not free in 

solution but partly engaged in the ECM. It is only recently that an in vitro approach has 

emerged to present CXCL12α in a matrix-bound manner to myoblasts [36], using a physical 

entrapment of the chemokine in a biopolymeric film made by self-assembly of hyaluronan 

and poly(L-lysine). This study revealed that the delivery in a matrix-bound fashion 

potentiates the effect of CXCL12α in cellular processes of relevance for myogenesis, such 

as myoblast adhesion and motility, compared to soluble CXCL12α. Several questions 

remain unanswered, however, that are of importance for the fundamental understanding of 

myoblast guidance by extracellular cues and also of interest for the rational design of new 

functional biomaterials. Firstly, is the mode of chemokine entrapment irrelevant, or would a 

presentation of CXCL12α, for example through HS as its native matrix ligand, elicit 

different effects? Secondly, how do integrin ligands modulate the response of myoblasts to 

matrix-bound CXCL12α? Being able to control precisely the orientation and presentation 

mode of chemokine (via GAGs) as well as to present other active molecules able to target 

adhesion receptors would enable to study the importance of the presentation mode of the 
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chemokine, and to investigate the interplay of matrix-bound chemokines and integrin ligands 

in guiding the cellular behaviour.

To this end, the biofunctionalization of solid surfaces is an attractive route [37–41]. We have 

recently presented a ‘molecular breadboard’ technology for the formation of multifunctional 

biomimetic surfaces that reproduce selected features of extracellular matrix [30] (Fig. 1A). 

The technology enables the design of surfaces that co-present several desired biomolecules, 

each at controlled orientation (and thus functionality) and at tuneable density, in a 

background that suppresses non-specific binding. In contrast to conventional cellular studies 

where molecules are either being randomly immobilised or added to the solution, and where 

cells may adhere non-specifically, these surfaces are useful as tuneable signalling platforms 

that present defined sets of desired extracellular cues without interference from other matrix 

signals.

In the present study, we focus our attention on muscle extracellular matrix and two bioactive 

cues, the CXCL12α chemokine and the cyclic RGD (cRGD) integrin ligand, in myoblast 

adhesion and motility. Our main objectives were to probe if the mode of chemokine 

presentation is important for myoblast behaviour, and how the chemokine and the integrin 

ligand jointly affect myoblasts as compared to their individual effects. For this purpose, we 

engineered biomimetic surfaces that (i) present CXCL12α in two distinct ways (either 

through their native matrix ligand HS or directly immobilized), (ii) reproduce the 

supramolecular arrangement of extracellular GAGs (with HS being attached to the surface 

through the reducing end, thus mimicking the native attachment of HS to its proteoglycan 

core), and (iii) present cRGD (known to adhere most potently to β3 integrins and to a lesser 

extent to β1 or other integrins [42, 43]). In this first study with this platform, we focus on the 

myoblast phenotype such as adhesion, spreading, motility and cytoskeletal organization, and 

demonstrate how mechanistic studies on early stages of in vitro muscle regeneration are 

enabled by an environment that is well-defined and tuneable. Specifically, we reveal that the 

presentation of CXCL12α through HS facilitates myoblast migration when compared to 

CXCL12α alone, that CXCL12α as the only extrinsic signal is sufficient for active cell 

migration, and that cRGD potentiates the spreading and motility induced by CXCL12α. The 

results demonstrate that the mode of CXCL12α presentation is crucial to the adhesion and 

migration of myoblasts.

2 Materials and methods

2.1 Buffer, heparan sulfate, proteins and other molecular building blocks

The working buffer used for all experiments and for protein dilution was made of 10 mM 

Hepes at pH 7.4 (Fisher, Illkirch, France) and 150 mM NaCl (Sigma Aldrich, Saint-Quentin 

Fallavier, France) in ultrapure water. Heparan sulfate (HS) derived from porcine intestinal 

mucosa with an average molecular weight of 12 kDa and a polydispersity of 1.6 (Celsus 

Laboratories, Cincinnati, OH, USA) was conjugated with biotin, site-specifically attached to 

the reducing end by oxime ligation [44]. Recombinant CXCL12α (amino acids 1 to 68; 8.1 

kDa) was prepared as previously reported [45]. The same protein with a biotin conjugated to 

the C-terminal lysine through a tetraethylene glycol linker (b-CXCL12α; 8.6 kDa) was 

produced by solid-phase peptide synthesis as previously reported [46]. Lyophilized 
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streptavidin (60 kDa) and bovine serum albumin (BSA) were purchased from Sigma 

Aldrich. All proteins were diluted to 0.2 mg/mL in autoclaved working buffer and stored at 

-20°C. Thawed protein solutions were used within 5 days and further diluted as desired. 

Polyethylene glycol (PEG, 3.2 kDa) with a biotin at one end and an OH group at the other 

(b-PEG) was purchased from Iris Biotech (France). b-cRGD (3.9 kDa) was obtained by 

amide-coupling of linear PEG (3.2 kDa) with a biotin at one end and an activated acid group 

at the other end (b-PEG-NHS; Iris Biotech) to a RGD-containing cyclic pentapeptide c(-

RGDfK-) at the lysine side-chain as described previously [47].

2.2 Surfaces and surface functionalization

Quartz crystal microbalance with dissipation monitoring (QCM-D) sensors with gold 

coating (QSX301) were purchased from Biolin Scientific (Västra Frölunda, Sweden). 

Appropriately sized wafers with an optically opaque gold coating (100 nm, sputter-coated) 

were used for SE measurements. Glass cover slips (24 × 24 mm2; Menzel Gläser, 

Braunschweig, Germany) with a semi-transparent gold film (~5 nm) were prepared, as 

described previously [30]. To create a biotin-displaying and otherwise inert background, the 

gold-coated surfaces were conditioned with UV/ozone (Jelight, Irvine, CA, USA) for 10 min 

and then immersed overnight in an ethanolic solution (Fisher) of oligo ethylene glycol 

(OEG) disulfide (containing 7 EG units per arm) and biotinylated OEG thiol (containing 10 

EG units; both Polypure, Oslo, Norway) at a total concentration of 1 mM and a molar ratio 

of thiol equivalents of 999:1.

2.3 Assembly of biomimetic surface coatings

A monolayer of streptavidin on a gold-supported biotinylated OEG monolayer (Fig. 1A) 

served as a ‘molecular breadboard’ onto which the desired molecules were sequentially 

assembled. To prepare chemokine-presenting surfaces (Fig. 1B), the following 

concentrations and exposure times were used: b-HS - 50 μg/mL, 30 min; CXCL12α – 5 

μg/mL (620 nM), 30 min; b-CXCL12α – 5 μg/mL (580 nM), 30 min. Under these 

conditions, binding is expected to saturate or equilibrate, irrespective of whether the solution 

is flown (in QCM-D measurements), or still (in spectroscopic ellipsometry (SE) 

measurements and for cell assays). To prepare multifunctional surfaces (Fig. 4), the 

following concentrations and incubation times were used: b-HS - 1 μg/mL, 30 min; b-cRGD 

- 1 μg/mL, 5 min (Fig. 4A-C) or 90 s (Fig. 4D); b-PEG - 50 μg/mL, 20 min; CXCL12α – 5 

μg/mL (620 nM), 30 min. Here, the reduced concentrations and/or incubation times of HS 

and cRGD were chosen to obtain the desired sub-monolayer surface densities (Fig. 4 and 

Table 2); b-PEG was incubated to back-fill the remaining biotin-binding pockets on the 

streptavidin monolayer, and eventually CXCL12α was incubated until equilibrium where 

desired.

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

QCM-D was used to ascertain that the desired functionalities can be realized with controlled 

orientation, as it provides time-resolved information about the assembly process, including 

the overall morphology and mechanical properties of the biomimetic film [48]. QCM-D 

measures the changes in resonance frequency, Δf, and dissipation, ΔD, of a sensor crystal 

upon molecular adsorption on its surface. The QCM-D response is sensitive to the mass 
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(including hydrodynamically coupled water) and the mechanical properties of the surface-

bound layer. Measurements were performed with a Q-Sense E4 system equipped with four 

independent Flow Modules (Biolin Scientific) and gold-coated QCM-D sensors 

functionalized with biotinylated OEG monolayers. The system was operated in flow mode 

with a flow rate of typically 10 μL/min, at a working temperature of 24 °C. Δf and ΔD were 

measured at six overtones (i = 3, 5, …, 13), corresponding to resonance frequencies of fi ≈ 
15, 25, …, 65 MHz; changes in dissipation and normalized frequency, Δf = Δfi/i, of the third 

overtone (i = 3) are presented; any other overtone would have provided comparable 

information.

2.5 Spectroscopic ellipsometry (SE)

SE measures changes in the polarization of light upon reflection at a planar surface. SE was 

employed in aqueous environment with a M2000V system (J. A. Woollam, Lincoln, NE, 

USA) to quantify the surface density of adsorbed biomolecules in a time-resolved manner. 

Gold-coated silica wafers functionalized with biotinylated OEG monolayers were installed 

in a custom-built open cuvette (~120 μL) featuring a magnetic stirrer for homogenization of 

the cuvette content (typically for 5 s after pipetting a sample 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 by exposure to a 10 mg/mL BSA 

solution in working buffer (20 min), followed by rinsing with ultrapure water and blow-

drying with N2 gas. Biomolecular binding processes were monitored at room temperature. 

Surface densities were quantified through fitting of the data to optical models, as described 

in detail elsewhere [49]. Briefly, the opaque gold film and the OEG monolayer were treated 

as a single isotropic layer and fitted as a B-spline substrate. Areal mass densities were 

determined through de Fejter’s equation, using refractive index increments, dn/dc, of 0.132 

cm3/g for b-HS [50–52], 0.18 cm3/g for all proteins [53, 54], 0.15 cm3/g for b-cRGD 

(estimated from the dn/dc of the individual amino acids and the PEG chain using an 

established method [54–56]), and 0.134 cm3/g for b-PEG [57]. All measurements were 

repeated twice and the data represent mean ± standard errors.

2.6 Cell culture

The mouse myoblast cell line C2C12 (<20 passages post-delivery from American Type 

Culture Collection (ATCC)) was cultured as previously described [58]. Briefly, cells were 

grown at low cell density in a medium containing 10% serum. Under these conditions, the 

fusion of cells is avoided, which would occur at high cell density in low serum-containing 

medium (see ref. [28] for details). Prior to the cell assays, serum was removed from the cell 

suspension, by centrifugation at 600 rpm at 25 °C for 10 min; the supernatant was then 

removed and the cells were exposed to serum-free 1:1 DMEM/F12 medium (Life 

Technology, Saint-Aubin, France). Cell adhesion assays were performed with custom-made 

4-well plates with ~100 μl solution per well and a functionalized glass cover slip on the 

bottom, prepared as described previously [30]. Surfaces with the desired biomimetic coating 

were prepared as described above sterilized for 15 min under UV light, and C2C12 cells 

were seeded at a density of 1.5 × 104 cells/cm2 by adding 90 μL of cell suspension to 10 μL 

of working buffer (either pure or with 5 μg/mL CXCL12α). CXCL12α binds reversibly to 

HS and thus partitions between the HS-coated surface and the solution; based on the 
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conditions employed for liquid exchange and cell seeding, we estimate the residual 

CXCL12α concentration in solution to be around 0.5 μg/mL (60 nM). After incubation for 1 

h and 4 h, non-adhesive (and weakly adhesive) cells were removed by gentle rinsing with 

sterile phosphate-buffered saline (PBS, pH 7.4; Sigma Aldrich) using a pipette. To test for 

the specificity of the cellular recognition of CXCL12α through the receptor CXCR4, the cell 

suspension was supplemented with the CXCR4 antagonist AMD3100 (Sigma-Aldrich) at a 

concentration of 50 μM, which inhibits interaction of CXCR4 with CXCL12α [6, 11]. To 

test whether integrins are associated with CXCL12α mediated adhesion, the cell suspension 

was supplemented with soluble cRGD at a concentration of 2 mM, which blocks/saturates 

the αvβ3 and α5β1 integrins [59–61]. All cell assays were repeated 3 times.

2.7 Quantitative analysis of cell adhesion, cell spreading and cell morphology

For quantification of cell adhesion, 10 bright-field images of cells per sample were recorded 

shortly before and after gentle rinsing using an inverted microscope (Axiovert 200 M; Carl 

Zeiss SAS, Le Pecq, France) equipped with a 10× objective, covering a surface area of at 

least 2 mm2 in total. The number of surface-proximal cells was counted manually. The 

percentage of adherent cells was defined as the ratio between the number of cells after 

rinsing and before rinsing.

For quantitative analysis of cell spreading and morphology, adhered cells were first rinsed in 

phosphate-buffered saline (PBS, Sigma-Aldrich) and fixed with 3.7% formaldehyde (Sigma-

Aldrich) in PBS for 20 min before being incubated overnight in 0.5% BSA in PBS at 4°C. 

The cells were then permeabilized in 0.2% Triton X-100 in Tris-buffered saline (TBS; 50 

mM Tris, 150 mM NaCl, 0.1% NaN3, pH 7.4) for 4 min, incubated with rhodamine-

phalloidin (Sigma-Aldrich; 1:800 in 0.2% gelatin (Sigma-Aldrich) in TBS) for labelling 

actin and with DAPI (Sigma-Aldrich; 1:100 in 0.2% gelatin in TBS) for labeling the 

nucleus, and then imaged with an Axiovert 200 M epi-fluorescence microscope or an LSM 

700 confocal microscope (both Carl Zeiss SAS) using a 20× objective. To quantify cell 

spreading and circularity, fluorescence images were analyzed with ImageJ software by 

marking the cellular perimeter (as defined by the actin labeling) manually, to determine the 

projected area and circularity of the cells. Circularity is defined as 4π(area/perimeter2), i.e. a 

circularity of 1 corresponds to a cell with a circular projected area and a value close to 0 to a 

cell with a very high perimeter.

The major cell adhesion receptors in C2C12 myoblasts, β1 and β3 integrins [27], were also 

stained. The cells were first fixed, blocked in 0.5% BSA in PBS, permeabilized in 0.2% 

Triton X-100 in TBS, and integrins were then immuno-stained with anti-β1 MB1.2 (1:100; 

Merck Millipore; Alsace, France) and anti-β3 Luc.A5 (1:100; Emfret Analytics, Wurzburg, 

Germany) monoclonal antibodies and AlexaFluor488-conjugated secondary antibody 

(1:100; Life Technology).

2.8 Quantification of cell migration

To assess the motility of cells, these were imaged every 5 min for 4 h after seeding on 

biomimetic surfaces, using an LSM 700 confocal microscope equipped with a 5× objective 

and an environmental chamber (providing 37 °C and 5% CO2). Time-lapse image series 
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were assembled and analyzed using ImageJ software. Individual cell tracking was performed 

using the “Manual tracking” plugin, which allows selecting a cell and recording its 

movement by following the cell position across the image frames. The motion traces were 

then displayed and statistically analyzed using the “Chemotaxis tool”.

2.9 Data and statistical analysis

Data on cell adhesion represent the mean and standard deviation (S.D.) over the percentage 

of adherent cells across three independent experiments with typically 500 cells per sample. 

Data showing cell area, circularity and cell migration are represented as box plots, the small 

square and the horizontal line inside the box indicating the mean and the median, 

respectively, the box delimiting the 25% to 75% percentile of data, and the error bar 

representing the lower 10% and 90% limits, respectively. Here, a total of 120 cells, i.e. 3 

independent experiments with 40 cells were analyzed per sample. For motility assays, the 

mean velocity was computed over intervals of 0.5 h and data represent the average and 

standard errors of the mean (S.E.M.); 80 cells were tracked per sample and experiments 

were repeated thrice.

Statistical comparisons were performed using Origin 8.1 software. When comparing data 

between more than two groups, analysis of variance (ANOVA) followed by an appropriate 

pair wise comparison or comparison versus control group was performed to obtain p-values 

(lines with an asterisk indicate p < 0.05; dotted lines indicate no significant difference).

3 Results

To study the response of myoblasts towards the mode of chemokine CXCL12α presentation, 

our approach consisted in designing tailor-made biomimetic model surfaces encompassing 

CXCL12α, the GAG HS and the integrin ligand cRGD with controlled orientation and at 

tuneable densities. A monolayer of streptavidin on a gold-supported biotinylated OEG 

monolayer served as a ‘molecular breadboard’ onto which the desired molecules were 

sequentially assembled in a background of low non-specific binding [30] (Fig. 1A). Before 

construction of multifunctional surfaces, we ascertained that the desired functionalities can 

be realized with controlled orientation. For this purpose, QCM-D was used, providing time-

resolved information about the assembly process, including overall film morphology and 

mechanical properties. Figure S1 shows that all the constituents of the biomimetic surfaces 

can be attached to surfaces in a specific way through site-specifically conjugated biotins for 

b-HS, b-CXCL12α and b-cRGD, and through biospecific binding to HS for CXCL12α 
[62]. Thus, their presentation can be precisely controlled. To facilitate the reader’s 

orientation, we have listed in Table 1 all prefixes used to indicate the various modes of 

presentation, and particular molecular properties and tags, of the functional molecules 

employed throughout this study.

3.1 Preparation of well-defined biomimetic surfaces with distinct CXCL12α presentations

In a first step, we designed surfaces presenting CXCL12α in two distinct ways: either via 
reversible adsorption to its native matrix ligand heparan sulfate (iHS + aCXCl12α) or 

directly immobilized on the surface (iCXCL12α) (Fig. 1B, left). In these conditions, the 
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molecule of interest is either reversibly adsorbed (“a”) or quasi-irreversibly immobilized 

(“i”). Spectroscopic ellipsometry was used to quantify the surface densities of biomolecules 

during the step-by-step assembly process (Fig. 1, right). Table 2 summarizes the adsorbed 

amounts and lateral root-mean-square (rms) distances for the constituents of the biomimetic 

surfaces.

Sample incubations in the spectroscopic ellipsometry measurements were performed in still 

solution, i.e. under mass-transport conditions that were identical to those subsequently used 

for the preparation of surfaces for cellular assays. The areal mass density for the streptavidin 

monolayer was 235 ± 5 ng/cm2, reproducing previous work [30]. To immobilize HS (iHS), 

b-HS was incubated to saturation and the corresponding areal mass density was 40 ± 2 

ng/cm2. This would correspond to a root-mean-square distance of 7 nm between HS anchor 

points on the surface, if we assume that the mean molecular weight of the surface-bound HS 

is 12 kDa, i.e. identical to the mean molecular weight of HS in the incubation solution. In 

reality, small-sized HS is likely to bind preferentially and the average size of the surface-

bound HS is thus likely to be smaller (see ref. [30] for details). Assuming that each 

streptavidin molecule displays two of its four biotin binding sites to the solution (with the 

other two being used for immobilization on the surface) and that two HS chains bind per 

streptavidin at maximal coverage, we obtain a root-mean-square anchor distance of 5 nm 

and a mean molecular weight of 4.6 kDa. The values of 5 nm and 7 nm thus represent lower 

and upper boundaries of the real anchor distance. Subsequent incubation of CXCL12α (iHS

+ aCXCL12α) at 5 μg/mL led to an adsorbed surface density of 78 ± 7 ng/cm2, or a mean 

lateral distance of 4 nm. To immobilize CXCL12α (iCXCL12α), biotinylated CXCL12α 
was incubated to full coverage, corresponding to 60 ± 1 ng/cm2 or a mean distance of 5 nm. 

The biotin being located site-specifically at the C-terminal residue, it is not expected to 

interfere with CXCL12α binding to the cell surface receptor CXCR4 [30, 63]. We note that 

HS is known to induce the formation of CXCL12α dimers [62, 64, 65], and this is reflected 

in the sketches in Fig. 1B. Finally, the CXCL12α surface densities for the two different 

scenarios with iHS + aCXCL12 (78 ± 7 ng/cm2) and iCXCL12α (60 ± 1 ng/cm2) are 

comparable.

3.2 CXCL12α promotes C2C12 myoblast adhesion and spreading, and this depends on 
the mode of CXCL12α presentation

Next, we used these surfaces to evaluate how the presentation of CXCL12α impacts the 

adhesive behaviour of C2C12 cells, by comparing reversibly HS-bound chemokine with 

quasi-irreversibly immobilized chemokine. We first investigated the effects of HS-bound 

CXCL12α on the adhesion and spreading of C2C12 cells (Figs. 2 and S2) by bright field 

imaging (Figs. 2A, F and S2A) and fluorescence staining (Figs. 2B, G and S2B). The 

fraction of cells that resisted gentle rinsing was quantified (Fig. 2C and H), as well as the 

spreading (Fig. 2D and I) and circularity (Fig. 2E and J) of the adhered cells after 1 h and 4 

h of contact with the surfaces. Approximately 50% of the cells on surfaces presenting 

exclusively iHS were readily removed by gentle rinsing (Fig. 2C) and the remaining cells 

retained a rounded phenotype irrespective of the incubation time. This indicates that the iHS 

surface is only weakly adhesive, and does not promote cell spreading. When chemokines 

were included (iHS + aCXCL12α), on the other hand, cells adhered strongly and spread 
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slowly, that is, spreading was pronounced after 4 h but not significant after 1 h of exposure 

(Fig. 2C-E). When CXCL12α binding to the cell-surface receptor CXCR4 was blocked with 

the soluble CXCR4 antagonist AMD3100 (sAMD3100), the fraction of adhered cells, the 

cell area and the circularity returned to the levels of HS alone (Fig. 2C-E). This 

demonstrates that the adhesion of C2C12 myoblasts to surfaces presenting HS-bound 

CXCL12α is mediated by the specific binding of the CXCL12α ligand to the CXCR4 

receptor. Besides CXCR4, CXCR7 has been reported as another CXCL12α receptor in 

C2C12 myoblasts [13, 66]. Under the culture conditions used in our assays, however, 

CXCR7 is not expressed [36] and the AMD3100 control thus confirms CXCR4 as the major 

receptor.

Our results clearly show that aCXCL12α enables C2C12 myoblasts to adhere and spread, a 

cellular response that is commonly mediated by cell adhesion receptors [67–69]. For 

myoblasts, the established major cell adhesion receptors are αvβ3 and α5β1 integrins [27, 

28], yet by their design the here-employed surfaces did not present integrin ligands. The 

C2C12 cells may secrete matrix molecules such as fibronectin to which integrins could bind. 

However, adding the integrin ligand cRGD [43] in solution (scRGD) at a high concentration 

as a competitor did not affect the cell adhesion and spreading on aCXCL12α, apart from a 

minor increase in cell circularity (Fig. S4). Our results thus demonstrate that cell adhesion 

and spreading can be mediated by HS-bound CXCL12α, even in the absence of integrin-

mediated initial binding.

In comparison, when cells were exposed to CXCL12α immobilized quasi-irreversibly 

(iCXCL12α) in the absence of HS, they responded strongly to the chemokine already as 

soon as 1 h after the start of exposure (Fig. 2H-J): cell adhesion and spreading increased 

while circularity was reduced compared to the bare breadboard. Prolonged exposure did not 

enhance spreading and circularity further (Fig. 2I-J), but the maximal level of spreading was 

higher than for iHS + aCXCL12α over the 4 h period (Fig. 2D). Moreover, the presence of 

CXCL12α added in solution (sCXCL12α) did not enhance cell adhesion to a bare 

breadboard (Fig. S3A-C), and a significant decrease in adhesion and spreading of cells on 

iCXCL12α was observed with sAMD3100 (Fig. 2H-J). This indicates that the adhesive 

response required immobilized CXCL12α and was, at least in part, mediated by CXCR4. 

The residual binding on iCXCL12α, not observed on iHS + aCXCL12α, could be due to the 

interaction of iCXCL12α with HS proteoglycans on the myoblast surface. As for 

aCXCL12α, scRGD did not affect the cell adhesion and spreading on iCXCL12α, 

demonstrating that integrin-mediated initial binding is also not required for cells to adhere 

and spread on iCXCL12α.

Interestingly, the adhered cells on iCXCL12α showed finger-like protrusions, which 

appeared to mature over time (compare Figs. 2G and S2B), while no such protrusions were 

observed on surfaces with HS-bound aCXCL12α (Figs. 2B and S2B). The protrusions were 

enriched in actin and typically also enlarged at their ends, features that are reminiscent of 

filopodia with nascent adhesion sites (cf. Fig 1B in ref. [70]). The differences in both the 

temporal response and cell morphology demonstrate that the mode of CXCL12α 
presentation plays an important role in myoblast adhesion and spreading. Apparently, 
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distinct mechanisms are involved in chemokine recognition and downstream intracellular 

signalling.

3.3 The mode of CXLC12α presentation also affects cell motility

Apart from adhesion, CXCL12α also plays a key role in the migration of both proliferative 

and terminally differentiated muscle cells [6, 9, 71], and we asked if the differences in 

adhesion have functional significance for cell motility. The motility of C2C12 myoblasts 

was assessed by recording time-lapse images over 4 h and tracking individual cells (Fig. 3). 

Figure 3A-B demonstrates that the cells are essentially immotile on iHS alone as cells 

migrated within a small area and the mean velocity was low. A significant increase in the 

mean velocity was observed when CXCL12α was co-presented through HS (iHS + 

aCXCL12α). In striking contrast, such an increase was not observed on iCXCL12α. Fig. 3C 

provides insight into temporal variations in the cellular motility. Cells responded to HS-

bound CXCL12α (as compared to iHS alone or to iCXCL12α) already within the first 30 

min after exposure, yet about 2 h were required to reach the maximal response. The maximal 

response was then largely retained for the remainder of the exposure. These results, in 

combination with the results from cell adhesion, suggest that the presentation of CXCL12 

via HS produces weaker adhesion which facilitate myoblast motility.

3.4 Preparation of multifunctional surfaces presenting CXCL12α and cRGD

Next, we aimed at investigating how C2C12 cells respond to the presentation of immobilized 

integrin ligands along with chemokines. In this part, we focused on the presentation of 

CXCL12α through a GAG as the native ECM ligand. For this purpose, we designed 

biomimetic surfaces that present HS-bound CXCL12α together with cRGD immobilized 

through a biotin to the breadboard (iHS + aCXCL12α + icRGD, Fig. 4A). The streptavidin-

monolayer molecular breadboard can readily accommodate multiple biotinylated 

compounds, generating multifunctional surfaces. Advantageously, the surface density of 

each compound can be tuned by adjusting its incubation conditions [30]. Here, the 

functional molecules of interest were presented at lower density (“ld”) (Table 2) compared to 

the previous assays where they were functionalized to saturation (Fig. 1). To form the 

desired co-funtionalized surfaces (Fig. 4A), b-HS was first incubated with reduced 

concentration and for a controlled time (see Materials and methods for details) to reach a 

surface coverage of 15 ± 1 ng/cm2, corresponding to a root-mean-square anchor distance 

between 7 and 12 nm (following the rationale outlined above). This was followed by b-

cRGD incubation with conditions adjusted to obtain an areal mass density of 9 ± 2 ng/cm2, 

which corresponds to a mean distance between 7 and 9 nm. b-PEG was then incubated to 

back-fill the remaining free biotin-binding pockets on the streptavidin breadboard. Onto this 

multifunctional surface, CXCL12α bound with an equilibrium surface density of 37 ± 3 

ng/cm2, or a mean distance of 6 nm. As controls, we prepared surfaces that lacked one or 

two of the biofunctional components (i.e. HS, CXCL12α, or cRGD) with the surface density 

of all remaining biofunctional components unchanged (Fig. 4B-D) and vacant biotin-binding 

sites back-filled by b-PEG. SE analysis demonstrates that comparable surface densities of 

ld-iHS and ld-icRGD could indeed be obtained (Fig. 4B-D and Table 2), straightforwardly 

for ld-iHS (Fig. 4B) and ld-iHS + ld-icRGD (Fig. 4C), and through a further modification of 

incubation conditions (i.e. a reduction in incubation time to 1.5 min) for ld-icRGD (Fig. 4D, 
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dotted lines). The surface density of ld-aCXCL12α on a sub-monolayer of ld-iHS without 

ld-icRGD was around 30 ng/cm2 at equilibrium (Fig. 4B), comparable to the values 

observed in the presence of ld-icRGD.

Thus, these multifunctional biomimetic surfaces permit presentation of chemokines and 

integrin ligands either alone or together, at controlled surface densities. The incubation 

conditions established in Fig. 4 were subsequently used for the construction of biomimetic 

surfaces for the cellular assays.

3.5 cRGD potentiates CXCL12α-mediated C2C12 myoblast spreading

We analyzed cell adhesion to the multifunctional surfaces (Figs. 5 and S5) in the same way 

as before for the cRGD-free surfaces. As a control, we first verified that the surface 

presenting iHS and aCXCL12α at lower densities (reduced by roughly 3-fold for ld-iHS and 

2-fold for ld-aCXCL12α compared to iHS and aCXCL12α in Fig. 2, respectively; see Table 

2) affected the cellular responses only slightly in the absence of cRGD. In contrast, cells 

adhered and spread significantly on surfaces presenting cRGD, either alone (ld-icRGD) or 

along with HS (ld-iHS + ld-icRGD). The cells formed pronounced actin-rich stress fibers 

(Fig. 5B) as expected for integrin-mediated cellular adhesion [72, 73]. Interestingly when 

the cells were exposed to surfaces co-presenting HS-bound CXCL12α and cRGD (ld-iHS + 

ld-aCXCL12α + ld-icRGD), there was a significant increase in cell spreading in comparison 

to each stimulus (ld-icRGD or ld-aCXCL12α) taken separately. It is particularly interesting 

that the combined presentation of HS-bound CXCL12α and cRGD enhanced cell spreading 

already after 1 h of exposure, i.e. under conditions at which HS-bound CXCL12α alone did 

not have any appreciable effect. This suggests that the enhanced spreading is a cooperative 

effect, that is, the co-presentation of the integrin ligand and the HS-bound chemokine elicits 

an adhesive response that is distinct from the response to each individual cue alone, and 

more than a simple superposition of the two responses.

Control measurements showed that, when cRGD was presented with HS in the absence of 

aCXCL12α (condition ld-iHS + ld-icRGD), cellular spreading was similar to the ld-icRGD 

condition alone (Fig. 5D). Furthermore, when CXCL12α binding to its cell-surface receptor 

CXCR4 was blocked with sAMD3100 (in the ld-iHS + ld-aCXCL12α + ld-iRGD 

condition), cell spreading was reduced to the levels observed for cRGD (ld-icRGD) alone 

(Fig. 5D). Finally, the presence of sCXCL12α with ld-icRGD did not enhance cell spreading 

(Fig. S3E). All together, these results demonstrate that the cooperative effect observed on 

surfaces co-presenting HS-bound CXCL12α and cRGD requires (i) the presence of HS-

bound CXCL12α (sCXCL12α is not sufficient) and (ii) binding of CXCL12α to its receptor 

CXCR4.

3.6 Integrins organize differentially in response to CXCL12α vs cRGD mediated cell 
adhesion and spreading

To obtain insights into the expression and spatial organization of integrins in response to the 

interaction with our biomimetic surfaces, we performed integrin labelling (Fig. 6). We 

focused on β1 and β3 integrins, because these are known to be the major integrins involved 

in myoblast adhesion to extracellular matrix proteins and RGD ligands [27, 28]. 
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Immunofluorescence staining of cells plated on icRGD, and on ld-icRGD with ld-iHS, 

revealed that both β1 and β3 integrins were present but with distinct spatial organizations: β3 

integrins showed a pronounced punctate pattern and preferential localization at the end of 

stress fibres that characterize focal adhesions [73–75], whereas β1 integrins exhibited a more 

diffuse distribution with clusters also being present although less well defined (Fig. 6A-B). 

This indicates that the cells responded to immobilized cRGD primarily via the β3 integrin 

rather than the β1 integrin, as expected for the cyclic peptide [42].

On HS-bound CXCL12α (iHS + aCXCL12α), cells were devoid of stress fibres but actin 

was concentrated at the cell extremities. β1 and β3 integrins distributed very diffusely, were 

enriched at the cell extremities but did not form focal adhesions (Fig. 6C). When the cells 

were instead plated on immobilized chemokine (iCXCL12α), the two integrin patterns were 

again distinct: β1 integrins and actin were strongly enriched in the filopodia-type cell 

protrusions, whereas β3 integrins were quite homogeneously distributed across the cell and 

accumulated to a lesser extent in the protrusions (Fig. 6D).

The lack of sensitivity to scRGD (Fig. S4), and the absence of focal adhesions, suggest that 

the integrin enrichment is not directly driven by ligands from the outside but instead results 

from intracellular processes downstream the activation of the CXCR4 receptor. Moreover, 

the clear differences in the distribution of β3 integrins suggest that the mode of CXCL12α 
presentation differentially affects integrin reorganization downstream CXCR4 activation. It 

is also noteworthy that distinct integrins responded preferentially to icRGD (β3) and 

iCXCL12α (β1), whereas the response to aCXCL12α was less selective.

When the cells were presented simultaneously to HS-bound CXCL12α and to immobilized 

cRGD (ld-iHS + ld-aCXCL12α + ld-icRGD), however, the spatial organization of actin and 

integrins was similar to icRGD alone, with pronounced focal adhesions rich in β3 integrins 

connecting to stress fibres, and a more diffuse distribution of β1 integrin (although some 

smaller clusters can be observed, which perhaps are nascent adhesions or focal complexes 

[76]) (Fig. 6A and E). Apparently, icRGD remains the major driver of integrin re-

organization even in the presence of aCXCL12α.

3.7 Effect of aCXLC12α, icRGD, and their combination on cell migration

Next, we investigated if the co-presentation of the integrin ligand cRGD with HS-bound 

CXCL12α affected cell migration. For this purpose, we performed motility assays on multi-

functional surfaces presenting HS-bound CXCL12α (ld-iHS + ld-aCXCL12α) jointly with 

ld-icRGD. Figure 7 demonstrates that cell motility is retained but lower on surfaces that 

present a reduced density of HS-bound CXCL12α compared to HS-saturated surfaces (Fig. 

3). Cells were essentially immotile on surfaces presenting ld-icRGD irrespective of the 

presence of ld-iHS. Remarkably, HS-bound CXCL12α in combination with cRGD (ld-iHS + 

ld-aCXCL12α + ld-icRGD) promoted a level of motility that was higher than that observed 

for HS-bound CXCL12α alone. Notably, the mean velocity of the cells on HS-bound 

CXCL12α in the presence of cRGD rose to a maximum within the first 1.5 h, and then 

decreased again (Fig. 7C). This is in contrast to HS-bound CXCL12α alone, where motility 

reached a plateau value (Fig. 3C and 7C). Together with the results on adhesion, these data 
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show that HS-bound CXCL12α and cRGD exert cooperative effects on cell spreading as 

well as motility.

4 Discussion

We have developed a methodological approach to prepare well-defined biomimetic 

environments that mimic selected aspects of muscle extracellular matrix and demonstrated 

their application as a tuneable signalling platform for quantitative cellular studies. Our 

results shed light on the important role of HS as extracellular ligand of the chemokine 

CXCL12α, and the cooperative effect of CXCL12α and the integrin ligand cRGD, on basic 

features of the myoblast phenotype in response to CXCL12α – adhesion, spreading, motility 

and cytoskeletal (integrin and actin) organization – that are of importance in the very early 

steps of myogenesis. In the following, we recapitulate the main findings and discuss possible 

molecular mechanisms.

The presentation of CXCL12α through heparan sulfate enables myoblast adhesion and 
facilitates cell migration

Previous work [36] had already revealed that matrix-bound CXCL12α can elicit cellular 

processes in a serum-containing medium over the time course of 24 h that soluble 

CXCL12α is unable to trigger. A major finding of the present study is that the mode of 

CXCL12α presentation by the substrate is also a crucial regulator of myoblast adhesion and 

migration. Specifically, although both aCXCL12α and iCXCL12α clearly permitted 

engagement with the CXCR4 receptor and thus enabled C2C12 myoblast adhesion and 

spreading (Fig. 2), the presentation of CXCL12α through HS was required to facilitate cell 

motility (Fig. 3). We may propose several hypotheses to explain the particular effect of HS.

Firstly, aCXCL12α may be readily released from iHS (Kd ~ 10-7 M [30, 46]) whereas 

iCXCL12α is quasi-irreversibly attached to the surface via strong and stable streptavidin-

biotin bonds (Kd ~ 10-14 M). Thus, aCXCL12α but not iCXCL12α may be taken up by the 

cell, and internalization of CXCL12α has previously been shown to induce downstream 

signalling [77]. More directly, the transient interaction of CXCL12α with HS may also 

enable the displacement of the chemokine along the HS matrix after engagement with 

CXCR4, and thus promote motility by favourably affecting the balance between cell 

adhesion and detachment.

Secondly, aCXCL12α but not iCXCL12α is presented together with HS, and a possible 

explanation therefore is that HS acts as a co-factor of CXCL12α and the two together elicit a 

different signalling response than the chemokine alone. The role of HS as a co-factor is well 

established for fibroblast growth factor signalling [78], but to our knowledge has so far not 

been reported for chemokines. Here, the flexibility and orientational freedom provided by 

the HS chains may also modulate the recognition of the chemokine by its receptor. The HS 

film is though too thin to substantially affect the bulk mechanical properties of the substrate, 

and the surface mechanical properties per se are therefore unlikely to modulate myoblast 

behaviour in a differential way.
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Last but not least, CXCL12α is monomeric in solution, and this monomeric state is most 

likely preserved in the case of iCXCL12α given the steric constraints imposed by 

immobilizing the chemokine through the C-terminal biotin to the streptavidin monolayer. In 

contrast, HS is known to promote the formation of so-called β-sheet dimers of CXCL12α, 

by binding to and stabilizing the interface of the two constituent monomers [62, 64, 65]; in 

addition, we recently suggested that an extended HS matrix may even promote the formation 

of higher order CXCL12α oligomers [79]. Thus, aCXCL12α and iCXCL12α are presented 

in distinct oligomerization states and it is conceivable that myoblasts recognize these 

differently although we are not aware of such an effect having been reported as of yet and 

the underlying molecular mechanisms would currently remain obscure.

In principle, one or a combination of any of these effects could account for the distinct 

ability of HS-bound CXCL12α to facilitate myoblast migration. Future studies that expand 

on the present approach with additional tailored building blocks such as ‘locked’ 

biotinylated dimers or covalently HS-conjugated chemokine, and more readouts such as 

chemokine internalization or other downstream signalling events will be needed to fully 

resolve this question.

CXCL12α as the only extrinsic signal is sufficient to promote active cell shape remodelling 
and migration

In CXCL12α, the binding domain for CXCR4, the binding domain for HS, and the C-

terminus are spatially distant and do not interfere functionally [14]. This implies that 

CXCL12α can interact simultaneously with CXCR4 on one side and HS (aCXCL12α) or 

streptavidin (through the C-terminal biotin, iCXCL12α) on another. It is thus not surprising 

that aCXCL12α as well as iCXCL12α can promote myoblast attachment even in the 

absence of cRGD on the biomimetic surfaces (Figs. 2C and H, and S4). It is remarkable, 

however, that the myoblasts also spread and reduce their circularity following stimulation by 

aCXCL12α or iCXCL12α (Fig. 2D-E and I-J), and that they migrate on aCXCL12α (Fig. 

3), without the extrinsic stimulation of integrins. This implies that CXCL12α as the only 

extrinsic signal is sufficient to induce active remodelling of the cell shape (which involves 

actin and also integrins, see above). Moreover, it also suggests that the mechanical link 

between HS, CXCL12α and CXCR4 can effectively substitute integrins and their 

extracellular ligands and provide the mechanical traction necessary for cell migration. Future 

studies should aim to elucidate the intracellular signalling that drives these differential 

mechanical responses.

We [30] and others [31] have previously shown that engagement with integrin ligands is not 

required for T lymphocytes to attach to and migrate on chemokine-presenting surfaces. In 

contrast to myoblasts, T lymphocytes do not adhere to integrin ligands in their naive state 

and require extrinsic signals such as chemokines and shear stress [31] to activate adhesion 

via integrin receptors. The results presented here thus demonstrate that even for a cell type 

that does constitutively adhere to integrin ligands, chemokines as the only extrinsic signal 

are sufficient to promote cell adhesion, active cell shape remodelling and cell migration.
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Do integrin ligands potentiate the response of myoblasts towards CXCL12α?

Our results (Figs. 5 and 7) suggest that there is a cooperation between the CXCR4 and 

integrin receptors in myoblast cells, perhaps similar to the recently demonstrated 

cooperation between integrins and the receptors of the growth factor bone morphogenetic 

protein 2 [29]. It is well known that a balanced level of adhesion is required for the optimal 

migration of cells on integrin-binding substrates (haptotaxis) [80–82]. Previous studies with 

a constitutively adhesive cell line reported that cell spreading on cRGD presenting surfaces 

gradually increases as the distance between integrin binding sites approaches 60 nm, and 

remains constant at distances below 60 nm [83]. In our assays, the mean distance between 

cRGD ligands is much smaller than this threshold, and a likely reason for the low cell 

motility on ld-icRGD alone (Fig. 7) thus is that adhesion is too strong for optimal migration. 

Our striking observation that combining ld-aCXCL12α with ld-icRGD simultaneously 

promoted spreading (Fig. 5) and motility (Fig. 7) to higher levels than those achieved with 

either of the two ligands alone implies that stimulation with the chemokine effectively 

overrides the migration blockage and permits high motility along with strong adhesion on 

integrin-binding substrates. With this finding, we provide novel insight into the effect of 

chemokines on haptotactic balance, and our methodological approach is ideally suited for 

further studies in this direction.

Implications for in vivo conditions

Our in vitro assays use biomimetic surfaces for which the complexity is greatly reduced 

compared to the in vivo conditions. This is a deliberate choice as the well-defined 

environment enables the effect of specific parameters on cell behavior to be dissected. These 

assays provide hypotheses and identify relevant parameters based on which new in vitro and 

in vivo assays can be designed to test how cells respond in more complex yet less well 

defined environments. Questions that require careful consideration, for example, are what 

the effective dimensionality of myoblast migration [84] is – one dimensional (along defined 

paths within a fibrillar environment), two dimensional (along cell sheets such as the basal 

lamina) or three dimensional (across the tissue) – and also whether primary human 

myoblasts recapitulate the behavior of the popular C2C12 model cell line.

Future application of the developed approach

The platform technology consisting of the glycosaminoglycan HS and the receptor ligands 

CXCL12α and cRGD may be further used as biomimetic surfaces for mechanistic studies of 

chemokine-mediated cell-matrix communication and to study the cross-talk between 

selected chemokine and adhesion surface receptors. Being able to unravel phenotypical 

changes in response to defined extrinsic signals, the platform may also be used for biological 

studies of the underlying signal transduction cascades and chemokine signalling pathways. 

The surface functionalization platform may also be combined with surface patterning, thus 

enabling studies of the directed migration of cells along a gradient of GAG-bound 

chemokines.

On a longer term, our results may be used to develop innovative biomaterials for 

regenerative medicine that are tailored to target chemokine and adhesion receptors in defined 

ways and thus to promote highly specific cellular responses. CXCL12α is known to be a key 
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chemokine in a large number of physiological processes, including the homing of 

hematopoietic stem cells and bone regeneration. cRGD ligands may be used to specifically 

target cells that could then at the same time be activated by CXCL12α. In this regard, our 

findings highlight that the mode of CXCL12α presentation is an important parameter to 

consider in the design of implantable devices delivering CXCL12α to achieve the desired 

outcome.

5 Conclusion

Using a versatile experimental platform presenting the CXCL12α chemokine and the cRGD 

integrin ligand, we have shown that the mode of CXCL12α presentation plays an important 

role in myoblast adhesion and motility. Whereas CXCL12α as the only extrinsic signal is 

sufficient for myoblast adhesion and spreading, chemokine presentation via GAGs is a 

requisite for myoblast motility. These surfaces mimicking in a very simple way the muscle 

extracellular matrix provide insights into the role of GAG-bound CXCL12α in muscle 

development and repair. A cooperative effect was observed when GAG-bound chemokines 

and integrin ligands were co-presented, which suggests cross-talk between CXCR4 and 

integrins. Our future studies will aim to study the directed migration of cells on gradients of 

HS-bound CXCL12α. These multifunctional biomimetic surfaces presenting selected matrix 

or cell surface components in a well-defined way can be further used for mechanistic studies 

of chemokine-mediated cell-matrix communication, and may guide the development of 

tailored biomaterials that promote highly specific cellular responses
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Figure 1. Design and preparation of well-defined biomimetic surfaces presenting GAGs and 
chemokine.
(A) Schematic presentation of a ‘molecular breadboard’ based on a streptavidin monolayer 

immobilized on a gold-supported oligoethylene glycol (OEG) monolayer exposing biotin at 

the end of a fraction of the OEG molecules, where stable attachment to the gold is mediated 

by thiols. The OEG monolayer (with and without streptavidin) confers a background of low 

nonspecific binding. (B) Schematic presentation of model surfaces used to study the effect 

of chemokine presentation on myoblast adhesion and motility: the glycosaminoglycan HS is 

a native matrix ligand for CXCL12α, and was immobilized (iHS) through a biotin at the 
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reducing end; the chemokine CXCL12α was presented either adsorbed (aCXCL12α) 

through heparan sulfate (HS) or immobilized (iCXCL12α) through a C-terminal biotin. All 

molecules are drawn approximately to scale; arrows indicate the lateral root-mean-square 

(rms) distance between two molecules (colours of molecules and corresponding arrows are 

matched); iCXCL12α is drawn as monomers but aCXCL12α as dimers, reflecting the 

known propensity of this chemokine to oligomerize upon HS binding. Streptavidin 

monolayer formation and the functionalization of the molecular breadboard were followed 

by spectroscopic ellipsometry (SE) to quantify areal mass densities (A and B, right; see also 

Table 2). Start and duration of incubation steps with different samples are indicated by 

arrows on top of the SE graphs; during all other times, the surface was exposed to working 

buffer.
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Figure 2. Effect of matrix-bound CXCL12α presentation on C2C12 myoblast adhesion, 
spreading and circularity.
A to E: adsorbed CXCL12α; F to J: immobilized CXCL12α. Bright-field images of live 

cells (A and F) and representative fluorescence staining of fixed cells (cell nuclei labeled in 

blue and actin in red; B and G) for C2C12 myoblasts exposed to surfaces presenting 

different surface functionalizations for 4 h. The inset in G shows an actin-rich finger-like 

protrusion at 2× magnification compared to the main image. (C and H) Quantitative analysis 

of the percentage of adherent cells that remain after gentle rinsing following 1 h (black) and 
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4 h (blue, hatched) of exposure to different surface functionalizations. The area (D and I) 

and circularity (E and J) of the adhered cells are displayed as box plots.
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Figure 3. Effect of CXLC12α presentation on cell migration.
(A) Trajectories of the nucleus of C2C12 myoblasts over a period of 4 h after plating on 

surfaces presenting different surface functionalizations (80 trajectories are shown in each 

panel, all taken from one representative measurement). (B) Corresponding box plots of the 

mean velocity (μm/h) throughout 4 h of exposure, computed for a total of 240 cells from 

three independent measurements. (C) Corresponding variations in the mean velocity as a 

function of time.
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Figure 4. Design and preparation of multifunctional biomimetic surfaces presenting GAG-bound 
chemokine and integrin ligands.
Schematic presentation of model surfaces (left) used to study the joint effect of HS-bound 

CXCL12α (ld-iHS + ld-aCXCL12α) and the immobilized integrin ligand cyclic 

arginylglycylaspartic acid (ld-icRGD) on myoblast adhesion and motility; surface 

functionalization was followed by SE to quantify areal mass densities (right; see also Table 

2). Schemes and SE data are displayed analogous to Fig. 1B. To accomodate all functional 

molecules, these were presented at moderately lower densities (ld) compared to Fig. 1B; 

next to surfaces displaying ld-iHS, ld-aCXCL12α and ld-icRGD (A), controls displaying 
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only one or two of the three components (B-D) at comparable surface densities were also 

prepared. cRGD was immobilized through a PEG-linked biotin; biotinylated polyethylene 

glycol (b-PEG) was used to back-fill the remaining free biotin-binding pockets on the 

breadboard.
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Figure 5. Effect of cRGD, and co-presentation of HS-bound CXCL12α with cRGD, on myoblast 
adhesion, spreading and circularity.
Adhesion and spreading of C2C12 myoblasts on model surfaces presenting HS (ld-iHS) or 

HS-bound chemokine (ld-iHS + ld-aCXCL12α) with or without integrin ligand (ld-icRGD), 

each at comparable surface densities. Data are displayed analogous to Fig. 2.
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Figure 6. Presence and spatial organization of actin and integrins.
C2C12 myoblasts 4 h post seeding on model surfaces presenting different functionalizations 

(as indicated on the left) were co-stained for actin and either integrin β1 or integrin β3 (as 

indicated on the top). For optimal contrast perception, this figure is shown in gray scale. 

Pairs of arrowheads in a given color point to selected β3 integrin-rich puncta (focal 

adhesions) and the end of their corresponding actin stress fibers.
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Figure 7. Effect of HS-bound CXLC12α, immobilized cRGD and their combination on cell 
migration.
(A) Trajectories of the nucleus of C2C12 myoblasts over a period of 4 h after plating on 

surfaces presenting different surface functionalizations (80 trajectories are shown in each 

panel, all taken from one representative measurement). (B) Corresponding box plots of the 

mean velocity (μm/h) throughout 4 h of exposure, computed for a total of 240 cells from 

three independent measurements. (C) Corresponding variations in the mean velocity as a 

function of time.
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Table 1
Prefixes used to indicate modes of molecule presentation, and molecular properties and 
tags.

Prefix Meaning Used as

Mode of molecule presentation

a adsorbed aCXCL12α

i immobilized iHS, iCXCL12α, icRGD

s soluble sCXCL12α, scRGD, sAMD3100

ld- low surface density ld-iHS, ld-aCXCL12α, ld-icRGD

Molecular properties and tags

c cyclic cRGD

b- biotinylated b-HS, b-CXCL12α, b-cRGD, b-PEG
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Table 2
Adsorbed amounts (Γ) and root-mean-square anchor distances rrms for the constituents of 

biomimetic surfaces.

Data were extracted from SE measurements. Mean values and standard errors are presented.

b-HS CXCL12α b-CXCL12α b-cRGD

Γ rrms Γ rrms Γ rrms Γ rrms

(ng/cm2) (nm) (ng/cm2) (nm) (ng/cm2) (nm) (ng/cm2) (nm)

Chemokine-presenting surfaces

iHS +
aCXCL12α

40 ± 2 5 - 7a)
78 ± 7 4.1 ±0.2

iCXCL12α 60 ± 1 4.9 ±0.1

Multi-functional surfaces

ld-iHS +

ld-aCXCL12α + ld-icRGDb)
15 ± 1 7 - 12a) 37 ± 3 6.0 ±0.3

9 ± 2 7 - 9a)

a)
Upper bounds are determined by assuming that the average molecular mass of surface-bound molecules is identical to the average solution-phase 

molecular mass; lower bounds are determined assuming a stoichiometry of two biotinylated molecules per streptavidin at maximal coverage.

b)
All the controls, i.e. surfaces that lacked one or two of the biofunctional components (HS, CXCL12α, or cRGD) present all remaining 

biofunctional components with surface densities and rms distances unchanged.
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