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a b s t r a c t

PC12 cells are a useful model to study neuronal differentiation, as they can undergo terminal differentiation, typically when treated with nerve growth factor (NGF). In this study we investigated

the inﬂuence of surface energy distribution on PC12 cell differentiation, by atomic force microscopy

(AFM) and immunoﬂuorescence. Glass surfaces were modiﬁed by chemisorption: an aminosilane, n[3-(trimethoxysilyl)propyl]ethylendiamine (C8 H22 N2 O3 Si; EDA), was grafted by polycondensation. AFM

analysis of substrate topography showed the presence of aggregates suggesting that the adsorption is heterogeneous, and generates local gradients in energy of adhesion. PC12 cells cultured on these modiﬁed

glass surfaces developed neurites in absence of NGF treatment. In contrast, PC12 cells did not grow neurites when cultured in the absence of NGF on a relatively smooth surface such as poly-l-lysine substrate,

where amine distribution is rather homogeneous. These results suggest that surface energy distribution,

through cell–substrate interactions, triggers mechanisms that will drive PC12 cells to differentiate and

to initiate neuritogenesis. We were able to create a controlled physical nano-structuration with local

variations in surface energy that allowed the study of these parameters on neuritogenesis.

© 2009 Elsevier B.V. All rights reserved.



1. Introduction

Neuronal differentiation is critical to nervous tissue regeneration after injury. The initiation and guidance of a neurite rely on

extracellular signals, especially on cell adhesion substrates. Hence,

it is of particular interest to unveil the substrates characteristics that

are effectively sensed and translated into neurite extension. The

pioneering studies of Letourneau and others showed that adhesion

on a substrate is critical for neurite extension [1–3]. These studies

gave rise to a model in which interaction of transmembrane proteins with molecules of the extracellular matrix (ECM) is translated,

through a set of actin-binding proteins, into effects on the microﬁlamentous cytoskeleton. This molecular mechanism leads to the

generation of a tension exerted against the cell membrane, which

allows neurite outgrowth with the formation and stabilization of

point contacts in the growth cone of primary neurons [4] and of

PC12 cells [5].

PC12 cells, though not being primary neuronal cells, express

the transmembrane TrkA and p75 receptors to nerve growth factor

(NGF) [6], and differentiate into a neuronal phenotype when challenged by appropriate NGF concentrations [7]. This ability makes

them a good model to study neuronal differentiation mechanisms,
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and thus axonal regeneration. Different kinds of stimuli can trigger

PC12 cell differentiation. First, NGF-addition to the culture medium

elicit differentiation either by activating the synthesis of proteins,

which associate with the actin/microtubule cytoskeleton, including Tau [8,9] and MAP1B [9], or by activating a signalling cascade

pathway, including IB kinase complex [10]. Second, in NGF-free

medium: ECM proteins used as culture substrates induce differentiation, either a combination of different collagen types associated

with proteoglycans, glycosaminoglycans, ﬁbronectin and laminin

[11] or ECM derived from astrocytes [12]. Third, in NGF-free medium

as well, PC12 cells were observed to grow neurites either after electric stimulation [13] or when cultured on electroactive surfaces

[14].

Gradients of soluble molecules, including calcium [15] and

neurotrophic factors [16], inﬂuence neurite outgrowth through

the growth cone, which recognizes and transduces a combination of signals into a speciﬁc trajectory towards target cells. Yet

the contribution of the physical cues on PC12 cell differentiation

remains poorly understood and few studies addressed substratum physical inﬂuence. The inﬂuence of a gradient at large scale

(4.24 mm × 4.24 mm) in surface energy was studied by Murnane et

al. [17], and showed that neurites of PC12 cells are preferentially

initiated in directions of changing adhesion, under NGF treatment.

Other studies showed that the topography of the underlying culture substrate, at smaller scales (≤1 m), acts in cooperation with

NGF to modulate neuritogenesis in PC12 cells [18,19]. In addition,
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biomaterials, such as modiﬁed silicon nanoporous membranes,

induce changes in PC12 cell morphology, in presence of NGF [20].

Thus, PC12 cells seem spatially aware of nanoscale structures onto

which they are plated. It has been suggested that ﬁlopodia may be

the “sensors” of the substrate nanotopography [19].

In our study PC12 cells were cultured on physically modelled

surfaces, by modifying chemically glass coverslips using NH2 - and

CH3 -terminated trialkoxysilanes. These molecules form covalent

bonds with the silica surface [21] thus providing relatively stable

surfaces, known as self-assembled monolayers (SAMs) or silanized

surfaces. These surfaces have proved [22] to be an alternative

to biopolymers like poly-l-lysine (PLL), a standard neuronal celladhesion substrate [23]. PLL is adsorbed on glass coverslips by

physisorption and it is generally assumed to promote a “nonspeciﬁc” interaction with the external surface of the cells, since

speciﬁc lock-and-key mechanisms are absent. SAMs form a class

of surface whose properties can be monitored at the molecular scale, and thus serve as model surfaces for cell–surface and

protein–surface interactions. For example NH2 -terminated SAMs

modulate morphological development of hippocampal neurons

[24] and of endothelial cells [25].

Here, we present a new kind of stimulus that triggers PC12

cell differentiation: speciﬁc physical properties of the substrate,

at sub-micrometer scale. We compare surface properties of

biopolymers-coated and of silanized glass coverslips and we show

that, beyond surface chemistry, the distribution of physical cues has

a clear impact on neuritogenesis in PC12 cells in NGF-free medium.

In addition, immunoﬂuorescence was conducted to assess the

changing effects of the different substrates on PC12 cell cytoskeleton. The strength of the adhesion that PC12 cells established

with the substrates was evaluated by interferometry, to characterize cell–substratum interfaces in cell culture conditions. Then we

evaluated the possible inﬂuence of serum proteins adsorption on

surface properties, using the ﬂuid mode of the atomic force microscope (AFM).

2. Materials and methods

2.1. Surface modiﬁcations

Prior to use, glass coverslips (30 mm-diameter and 100 mthick, from Menzel-Glazer) were treated as follow. They were

cleaned by ultrasound, 20 min in ultrasonic bath of CHCl3 , followed by immersion in piranha solution (3:1 (v/v) concentrated

sulphuric acid/40% hydrogen peroxide) (caution: piranha solution is extremely corrosive and can react violently with organic

compounds), then thoroughly rinsed with deionized water and

dried under a nitrogen stream. Modiﬁed surfaces were obtained

by immersing clean glass coverslips into a solution 2% n[3-(trimethoxysilyl)propyl]ethylendiamine (EDA) (Acros Organics,

97%), 94% methanol (Carlo Erba Reagents, 99.9%), 4% deionized

water, 1 mM acetic acid (Carlo Erba Reagents, 99.9%) [24], during

approximately 24 h, at room temperature in an ambient atmosphere. They were then rinsed in methanol and either dried under

a nitrogen stream, prior to surface characterisation by atomic force

microscopy (AFM), or allowed to dry under a laminar ﬂow hood,

prior to cell culture. EDA modiﬁes glass coverslips through chemical

bonds. In our hands, surface modiﬁcation process also leads to a surface on which EDA forms “patches” by self-polymerization, due to

an amount of water, here 4% in solution, that is in excess compared

to what the reaction between the molecule and the silica surface

would require [21]. In addition to EDA, two other trialkoxysilanes,

(aminoethylaminomethyl)phenyltrimethoxysilane (PEDA) (ABCR,

90%) and hexyltrimethoxysilane (HTMS) (ABCR, 97%), were used

to modify clean glass coverslips, by the same method. Control surfaces were prepared by coating glass coverslips with biopolymers:
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Fig. 1. Sketches of molecules used to modify the surfaces. EDA, PEDA and HTMS were

grafted onto clean glass surfaces (coverslips of 35 mm in diameter) by chemisorption

in liquid phase. Each of these three molecules contains three hydrolysable functions

that allow polycondensation, thus giving the surface a speciﬁc physical nanostructure, responsible for a surface energy distribution that is heterogeneous. Contrary

to these silanes, PLL and PLO do not form covalent bonds on glass. Hydrogen bonds

(plus putative electrostatic bonds for PLL) allow for covering of glass surfaces in a

more homogeneous manner.



PLL (PLL solution, 0.01% in water, Sigma) or poly-l-ornithine (PLO)

(PLO solution, 0.01% in water, Sigma). Coating was performed on

clean glass coverslips, sterilized in a UV chamber, by immersion

in PLL or PLO solution, for 1 h at 37 ◦ C. Coated coverslips were

then either rinsed in sterile water prior to cell culture, or quickly

rinsed in deionized water and dried under a nitrogen stream prior

to air-imaging AFM experiments. EDA, PEDA, HTMS, PLL and PLO

molecules are represented in Fig. 1. Non-modiﬁed clean glass surfaces proved to be unsuitable experimental control as cells did not

attach on such surface: although plated at the same density as on

silane-modiﬁed or biopolymers-coated glass coverslips, PC12 cells

adhered poorly and then detached from the surface by 48 h. Therefore, we used as experimental control the standard protocol of PC12

cells seeding on PLL-coated coverslips, treated or not by NGF.

2.2. Surface characterization

2.2.1. Contact angle measurements

To measure the contact angle at a liquid/solid interface, the most

direct method is to capture, with a camera, an image of the proﬁle

of a drop on a solid surface. Images were captured with a highresolution black and white video camera mounted on a microscope

and monitored by a PC. Then, the images were processed with an

edge detection algorithm to determine the proﬁle of the drop. Comparison of the proﬁle with the Laplace equation, which is valid for

all free interfaces, allowed to calculate the contact angle.

2.2.2. AFM imaging

All surfaces prepared as described above were analyzed using

a Digital Instruments AFM in air tapping mode, with the sur-
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faces freshly prepared, rinsed with main solvent (methanol for

trialkoxysilanes, deionized water for biopolymers) and dried

under a nitrogen stream. Experiments were performed with a

RTESP tip cantilever, of which spring constant is 40 N m−1 . To

evaluate possible modiﬁcations of surfaces topographic properties

after cells were plated in culture medium containing fetal bovine

serum (FBS), we also analysed these surfaces in our experimental

conditions, after 5–6 days of culture, using the ﬂuid tapping mode

of the AFM. In this case, we used MLCT tip cantilevers, of which

spring constant are 0.01 N m−1 , 0.02 N m−1 and 0.03 N m−1 . The

root-mean-square (rms) roughness of the surfaces, evaluated

for regions of ∼1 m × 1 m, was measured by AFM software

Nanoscope (Digital Instruments).

2.3. Cell culture

PC12 cells, a standard model for neuronal differentiation analysis [7], were obtained from ATCC (CRL 1721). PC12 cells were

routinely maintained in T25 tissue culture ﬂasks (Falcon) coated

with PLL, in DMEM + glutamax medium supplemented with 5% FBS

(Hyclone), 10% horse serum (HS) (Invitrogen), 1% non-essential

amino acids (Invitrogen) and 1% antibiotic (penicillin, streptomycin) (Invitrogen) (medium 1) at 37 ◦ C in a 5% CO2 cell incubator.

Medium was renewed every 2–3 days. Subculturing was done

when 90% of conﬂuence was reached, after trypsin-EDTA treatment

(Invitrogen). In experiments, PC12 cells were cultured using passage numbers 7–17, in medium without HS (medium 2) to reduce

cell proliferation, plated at a density of ∼5 × 103 cm−2 on glass coverslips modiﬁed by trialkoxysilanes (EDA, HTMS, or PEDA) or on

glass coverslips coated with PLL or PLO. Coverslips were laid down

in plastic Petri dishes (35 mm-diameter Falcon 350001 boxes), making a total of ∼5 × 104 cells per dish at the time of plating. In control

experiments, culture medium was supplemented with 100 ng mL−1

NGF (NGF-7S, from mouse submaxillary glands, Sigma): medium

3 (i.e. medium 2 + NGF). In this case, PC12 cells were allowed to

attach to substratum in medium 1, replaced by medium 3 after 24 h.

Medium 2 and medium 3 (2 mL/dish) were renewed every 2 days.

Renewing medium of PC12 cells cultured on glass coverslips was

done very gently, because these cells easily untied from substratum

when submitted to a mechanical stress.

2.4. Cell imaging

2.4.1. AFM

PC12 cells cultured on EDA-modiﬁed glass coverslips were ﬁxed

using glutaraldehyde (2% in PBS) at room temperature during

20 min. Then cells were washed twice with PBS for 5 min, quickly

rinsed with deionized water to remove salts and then dried under

a nitrogen stream. AFM air-tapping mode was performed with a

RTESP tip cantilever. The system includes an integrated optical

microscope, allowing prepositioning of the AFM tip over the cells.

Section analyses were made using the AFM software.

2.4.2. Immunoﬂuorescence

PC12 cells were cultured on glass coverslips modiﬁed with EDA,

PEDA, HTMS or PLL. Cells seeded on a PLL substrate were cultured

with or without NGF. After 6 days of culture, cell populations were

stained with anti-MAP1B (Sigma) and with Tau5 (Merck Chemicals,

UK). Cells were ﬁxed using 3.7% formaldehyde in PBS for 15 min

and then permeabilized with 0.1% Triton X-100 in PBS/0.1% bovine

serum albumin (BSA) for 20 min. All washes, blocking steps, and

antibody dilutions were performed using 0.1% BSA, 0.01% Triton

X-100 in PBS. After cell ﬁxation and permeabilization processes,

primary antibodies, Tau5 (diluted 1:100) and anti-MAP1B (diluted

1:600) were incubated overnight at 4 ◦ C, secondary Cy3-conjugated

antibody (Jackson ImmunoResearch, UK) was incubated for 2 h



at room temperature. DNA was stained with 4 -6-diamidino-2phenylindole (DAPI) at 1 g/mL for 30 min. F-actin was stained

with phalloidin coupled to Alexa Fluor 488 (Molecular Probes) at

5 units/mL for 1 h. Cells were ﬁnally extensively washed in PBS and

mounted in a Mowiol solution. Observation was done with a Nikon

Eclipse E600 epiﬂuorescence microscope coupled to a camera.

2.4.3. Interferometry

The reﬂection interference contrast microscopy (RICM) [26] is

the most satisfactory technique to visualise cell adhesion areas [27].

The image is formed by interference of light reﬂected from the

surface of the adhering cells and of light reﬂected from the functionalized substrate. Thus adhesion zone is deﬁned by a dark patch.

The attachment of cells on EDA and on PLL was evaluated after 5

days of culture by RICM (inverted Olympus IX 71 equipped with

100× apochromat objective, interference ﬁlter at 546 nm, and digital camera [Roper HQ]). RICM images were taken within 30 min

after cells were brought out of the cell incubator.

3. Results

3.1. Surface physical properties of EDA-modiﬁed and of

PLL-coated glass coverslips analysed by AFM and by contact angle

measurements

Chemisorption of trialkoxysilanes on a silica surface is made

by polycondensation, leading to a heterogeneous surface phase,

when the solvent solution contains more than the traces amount

of water necessary for adsorption reaction to occur. This excess

of water allows for quick hydrolysis of methoxy groups catalysed

by acetic acid, that occurs before and during chemical adsorption

on the silica surface. As a result, the molecule self-polymerizes

through Si–OH groups, condensed into siloxane bonds, and chemically binds the silica surface through the same reaction. As shown

in Fig. 2a, the AFM analysis of a glass surface modiﬁed by EDA indicates the presence of scattered “patches” formed by aminosilane

aggregates, reﬂecting the heterogeneity of the adsorption. Due to

both the highly disordered state of the aminosilane on the surface and the hydrolysis of non-bonded terminal methoxy groups,

it is probable that the surface presents a chemical pattern that is

mostly a glass-like structure (Si–OH) with heterogeneous distribution of terminal amines. This pattern is represented by a sketch on

Fig. 3a.

Wetting experiments on this surface were performed using

water and polydimethylsiloxane (PDMS). We found that the contact angle was 55◦ for water and complete wetting for PDMS. For

water, advancing and receding contact angles were 63◦ and 41◦ ,

respectively, in agreement with the roughness observed by AFM.

Assuming that the clean glass is completely wetted by water, it is

clear that we have a heterogeneous distribution of surface energies, oscillating between 22 mN m−1 (PDMS surface tension) and

72.8 mN m−1 (water surface tension). In other words, local values

of the critical surface energy [28] are:

22 mN m−1 &lt; cEDA &lt; 72 mN m−1 .

As a result the surface exhibits nanoroughness combined to local

gradients in surface energy, whether lowest areas (Fig. 2a; in dark)

correspond to bare glass or lower EDA-layer. In the latter case, the

concentration of NH2 groups would likely be higher in the upper

EDA-aggregates than in the lower EDA-layer (see the appendix that

provides further analysis on surface characterization).

Fig. 2b shows a topographic AFM image of a glass coverslip

cleaned with piranha and coated with PLL. Clean glass surfaces,

with both Si–O− and Si–OH groups, are partially negatively charged,

allowing PLL, a positively charged polymer, ﬁrst to form electro-
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Fig. 2. (a) AFM imaging of a glass surface modiﬁed with EDA. Noticeable nanoroughness results from the heterogeneous adsorption of EDA. (b) AFM imaging of a silica surface

coated with PLL. The surface is smoother than the EDA-surface, suggesting that the distribution of NH2 groups is more homogeneous.



static bonds in addition to hydrogen bonds with the silica surface,

and second to act as a repulsive for other PLL chains, preventing PLL multilayer formation. Consequently PLL forms a very thin

monolayer (around 15 Å-thick [24]) when coated on a clean glass

coverslip, with evenly distributed terminal-amine groups pointing

outward from the surface. As shown on Fig. 2b the PLL surface is

smoother than the EDA one (Fig. 2a), suggesting that the distribution of NH2 groups is more homogeneous in the PLL surface.

We found a contact angle of 0◦ for a PLL-coated glass coverslip,

using a drop of water. This is in agreement with a close packing of

hydrophilic terminal amines, as represented on Fig. 3b.

3.2. Differential behaviour of PC12 cells on EDA-modiﬁed surfaces

versus PLL control surfaces

PC12 cells cultured on EDA-modiﬁed glass coverslip undergo

neurites expansion in NGF-free medium (Fig. 4a). After 4–6 days

of culture, neurite outgrowth is initiated in random directions from

most of the isolated cells. Neurites extend up to 150 m and over

25 m in about 20% of isolated cells (N = 116). After 12 days of culture, 60–80% isolated cells display neurites over 25 m long. When

PC12 cells are plated onto PLL-coated glass coverslips in a NGF-free

medium, no signiﬁcant neurite initiation process can be observed

(Fig. 4b), indicating that cells did not start neuritogenesis and thus

did not stop proliferating.



PC12 cells in culture tend to form small colonies that can be

observed indistinctly on glass-EDA or on PLL. This comes from PC12

cell propensity to form more cell–cell contact than cell–substrate

contact [29]. Even when plated at low density (here: 5 × 103 cm−2 ),

cells tend to form colonies that increase in size over time. PC12 cells

trapped in a colony do not have the same behaviour as isolated PC12

cells. Such cells do not grow neurites, whatever the substrate and

whether NGF is added or not. In particular, PC12 cells in colonies

formed on PLL substrate in presence of NGF, do not grow neurites,

while isolated PC12 cells do. In agreement with the literature [7,30],

PC12 cells extended neurites on a PLL substrate when medium was

supplemented with appropriate NGF concentration, providing they

are not trapped in a colony (Fig. 4c).

Altogether, our results indicate that silane-modiﬁed surfaces

allow neuritogenesis, as does NGF when PC12 cells are seeded on

bio-substrates; however, it seems not to impede cell division. Both

PLL and EDA surfaces display similar chemical properties, with terminal amine groups pointing out of the surface, yet they differ in

their physical properties. Heterogeneous EDA surface exhibits both

nanoroughness and local gradients in surface energy that seem to

be a critical criterion in initiation of neurite outgrowth. The surface

being chemically modiﬁed and its thickness lower than 20 nm, the

rigidity of the substrate should not affect the observed neuritogenesis considering that biopolymer control surfaces are very thin as

well.



Fig. 3. (a) Sketch representing chaotic polymerization of EDA on a clean glass surface. (b) Sketch representing coating of PLL on a clean glass surface.
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molecules: PEDA and HTMS. Like EDA, these molecules contain

three hydrolysable functions (–OCH3 ) connected to a silicium element (Si), thus they can undergo the same polycondensation

mechanism as EDA in 4% water solution. Consequently, modifying glass with PEDA, HTMS or EDA results in the same type

of nanoroughness, and gives rise to surfaces with heterogeneous

distribution of surface energy. Yet, PEDA and HTMS differ from

EDA in their chemical properties: though not suppressing the

local gradients, the phenyl group in PEDA reduces the surface

energy, and the methyl terminal group in HTMS should render

the surface more hydrophobic, providing the quantity of adsorbed

molecules is similar to that of EDA. In spite of these differences,

PEDA and HTMS modiﬁed surfaces triggered the same cellular

behaviour, that is PC12 cells underwent neuritogenesis (data not

shown).

Although surface charge might play a role in neuronal cell

behaviour [31], it is unlikely to be the case in our experiments, as EDA and PLL expose almost the same ratio of

protonated/unprotonated amines after coverslips soaking in DMEM

[24]. Yet, a biopolymer that is not charged was also tested: PLO,

which holds as side-chain three CH2 groups preceding a terminal

amine (Fig. 1). PC12 cell behaviour was similar on PLO modiﬁed surface to that on PLL (data not shown). Although we did not measure

the actual width of the layer formed by PLO on a glass coverslip, we

assume that the adsorption is likely to be as homogeneous as with

PLL.

All in all, these results strengthen the hypothesis that physical nature of the substrate, that is speciﬁcally nanoroughness

combined to local gradients in surface energy, is critical to differentiation onset.

3.4. Expression and distribution of microtubule-associated

proteins (MAPs) in PC12 cells on silane-modiﬁed substrates and on

PLL-coated substrates



Fig. 4. Glass-EDA surface triggers neurites formation of PC12 cells in absence of

NGF treatment (a), but PLL-coated glass coverslip do not (b). In a medium supplemented with NGF, PC12 cells initiate neuritogenesis when plated onto PLL-coated

glass coverslip (c). All images were obtained 6 days after seeding.



3.3. PEDA and HTMS-modiﬁed glass coverslips triggered

neuritogenesis in PC12 cells; conversely PLO-coated glass

coverslips did not initiate such outcome

To evaluate the inﬂuence of the chemical versus physical properties of the substratum toward neuritogenesis, and get further

insights into physical properties importance, an additional set of

surface modiﬁer molecules were tested. Surface modiﬁcation was

performed with two hydrophobic silanes, EDA structurally-related



A criterion to evaluate neuronal differentiation is a high level

of expression of neuronal markers proteins like MAP1B or Tau.

MAP1B is a neuron-speciﬁc protein involved in microtubule assembly. NGF treatment stimulates MAP1B expression together with

PC12 cells differentiation [9], when cells are plated onto standard PLL-coated substrate. As expected, high level of ﬂuorescence

signal reﬂecting MAP1B concentration was detected in cells that

underwent neurite outgrowth, typically in isolated cells and not

in cells trapped in colonies (Fig. 5). Signiﬁcantly high levels of

MAP1B and neuritogenesis were triggered not only by NGF treatment on PLL substrate but also by glass-EDA substrate. Conversely

ﬂuorescence signal appears overall weaker in cells seeded on

PLL substrate but not stimulated by NGF. These results provide

further evidence that the surface properties of EDA-modiﬁed

glass coverslips can trigger neuronal differentiation of PC12 cells.

These results also conﬁrm that NGF addition to the culture

medium is not strictly required to observe neurite outgrowth, or

enhanced levels of MAP1B expression, that is differentiation of PC12

cells.

Tau localisation was examined in PC12 cells seeded on various surfaces and treated or not by NGF (Fig. 6). As for MAP1B,

NGF treatment stimulates Tau expression in PC12 cells. Tau

stabilises microtubules, by shifting the microtubule polymerisation/depolymerisation kinetics in favour of addition of new

subunits, thus stimulating microtubule growth [32]. Tau also

associates with ﬁlamentous actin and is involved in growth-factorinduced actin remodelling in differentiating PC12 cells [8]. As

previously reported, PC12 cells seeded on PLL and treated with

NGF grow neurites and express Tau, as evidenced by the high level of

ﬂuorescence in the cell body and along neurites. A similar pattern of

Tau localisation is depicted in PC12 cells, whether seeded on glass-
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Fig. 5. MAP1B expression in PC12 cells cultured on glass-EDA substrate without NGF treatment, and on PLL substrate with and without NGF treatment. MAP1B signal is

stronger in isolated cells and more cells display a strong signal, either on a glass-EDA surface in NGF-free medium or on a PLL surface in NGF-supplemented medium, than

on a PLL surface in NGF-free medium. Observation was made with an epiﬂuorescence microscope.



EDA, glass-PEDA, or glass-HTMS substrates, although not treated

by NGF. Interestingly, Tau is displayed in growth cones (Fig. 6; plain

arrows), and at branching/turning points of the neurites (Fig. 6;

broken arrows), that is where microtubules are highly dynamic.

These results indicate that cell–substrate interactions can mimic

NGF effects, leading PC12 cells to start neuritogenesis. Yet, Tau

ﬂuorescence along neurites is higher and more evenly distributed

in PC12 cells differentiated through NGF on a PLL substrate than

on PC12 cells seeded on trialkoxysilanes-modiﬁed glass substrates

(Fig. 6; oval). It might be inferred that although cell–substrate interactions can trigger neuritogenesis, it cannot fully substitute to NGF,

that is not all the molecular mechanisms of cell differentiation are

activated.

3.5. Filopodia are comparable in size to the aggregates of

physically modelled surfaces that trigger neuritogenesis

We used AFM to image neurite edges and Digital Instruments

software Nanoscope to analyse the sizes of ﬁlopodia. Fig. 7a shows

a neurite tip of a PC12 cell growing on a glass-EDA substrate. This



image depicts a growth cone and a neurite local “bulb” which is

three times the size (in height and in width) of the neurite immediately behind and ahead of it. This “bulb” corresponds to a spot

of enhanced Tau ﬂuorescence as depicted in immunoﬂuorescence

(Fig. 6; broken arrows). Fig. 7b shows a topographic image of the

growth cone at the tip of the neurite. Numerous ﬁlopodia emerge

from the growth cone. Fig. 7c shows one of these ﬁlopodia. Using

the analysis functions of the AFM software we found that ﬁlopodia are comparable in size to the EDA domains of the substrate

(Fig. 8). While ﬁlopodia have an approximate height of 40 nm on

EDA-modiﬁed glass coverslips, the height of silane aggregates is

typically comprised between 5 nm and 20 nm, with rms roughness oscillating between 1 nm and 3 nm (such variations are not

surprising considering that adsorption is heterogeneous). Width of

ﬁlopodia oscillates between 150 nm and 250 nm, that is comparable to the width of the silane aggregates, as observed on AFM

images (Figs. 2a and 8b). Knowing that the cells emit ﬁlopodia as

soon as they adhere to the underlying substrate, these results indicate that the local gradients in surface energy may be translated into

neuronal differentiation signal through the motility of ﬁlopodia.
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Fig. 6. Tau localisation in PC12 cells cultured on glass-silanes surfaces without NGF treatment and on PLL coated glass coverslip with NGF treatment. Arrows point local

higher concentrations of Tau in growth cones (plain arrows) and at branching/turning points (broken arrows). Ovals indicate a high concentration of Tau widespread all along

a neurite. Observation was made with an epiﬂuorescence microscope.



3.6. PC12 cell adhesion is stronger on PLL-coated glass coverslips

than on EDA-modiﬁed glass coverslips; the effect of

serum-proteins adsorption on surfaces might be critical

Observation of cells by RICM allows to visualise as dark areas

the regions of the adhering cell that are in close-contact to the

substrate [27]. PC12 cells are found to be less adhesive on a



glass-EDA substrate than on a PLL substrate (Fig. 9). On glass-EDA,

the growth cone at the neurite tip is the only cellular region

appearing dark (Fig. 9a). In contrast, on PLL substrate most of the

cell appears dark (Fig. 9b). This difference may be correlated to the

distribution of NH2 terminal groups, covering the surface more

evenly in PLL substrate than on glass-EDA substrate. Considering

that PC12 cells adhere poorly on silica surfaces, a weak adhesion on
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PLL-coated surface displays increased roughness when imaged in

culture medium (Fig. 10b) than in air (Fig. 2b). The rms roughness

is typically less than 1 nm when imaged in air immediately after

PLL-treatment of the glass coverslip (Fig. 2b). This value is similar

to that of clean glass. Yet, in experimental conditions, that is 5 days

after cell seeding, rms roughness is increased up to 3 nm, suggesting

that some material has adsorbed on the surface. We believe that this

adsorbed material corresponds to serum proteins, for example BSA

or ﬁbronectin. In contrast, nanoroughness of a glass-EDA surface is

similar when imaged in culture medium (Fig. 10a) or in air (Fig. 2a).

Therefore, more serum proteins seem to adhere on PLL substrate,

where terminal amines are evenly distributed, rather than on glassEDA substrate, though proteins like BSA [35] and ﬁbronectin [36]

were shown to adsorb on silica surfaces. As a result, nanoroughness

of glass-EDA substrate does not seem to be affected by serum proteins adsorption and, hence, serum protein may not be the critical

mediator of the surface energy distribution triggering PC12 cells

differentiation.

4. Discussion



Fig. 7. AFM analyses of PC12 cells ﬁxed with glutaraldehyde on an EDA-modiﬁed

glass surface. (a) Image of the growing edge of a neurite. Plot type: illumination. (b)

Topographic image of the growth cone of the neurite in (a). (c) Topographic image

of a ﬁlopodia of the growth cone in (b).



glass-EDA support the hypothesis of this surface chemical pattern

being mostly glass-like. Moreover, the nanoroughness of glass-EDA

surface itself might loosen cell–substrate contacts.

Though RICM observations give credit to the fact that cells would

directly sense surface chemistry, that is responsible for surface

energy distribution, it is rather probable that cell–surface interactions are mediated by serum proteins interacting with the surface

[33,34]. To test this hypothesis, analysis of surfaces in cell-culture

conditions was made using the ﬂuid-imaging mode of the AFM. The



In this study, we manufactured culture substrates by speciﬁc

chemical treatment of clean glass surfaces in order to obtain a physical nanostructure exhibiting a nanoroughness that generated local

gradients in surface energy. We showed that PC12 cell differentiation was triggered on such surface in absence of NGF stimulation.

Both neurite outgrowth and neuron-speciﬁc MAPs expression and

localisation indicated that physical surface signals can mimic NGF

treatment. AFM analysis revealed that the size of manufactured

surfaces nano-structuration is comparable to that of ﬁlopodia emitted by PC12 cell growth cones. Therefore, we believe that ﬁlopodia

could act as primary sensors not only of the cell chemical environment but also of the surface physical cues that will then be

transduced and translated into differentiation signal.

Here, we point out that the inﬂuence of the physical cues of

the substrate is critical to prompt PC12 cells differentiation, stimulating neuritogenesis. This is in agreement with previous reports

showing that NGF is not necessarily required to initiate PC12 cells

differentiation [11,12]. However, it is important to note that in our

experiments, differentiated PC12 cells on trialkoxysilanes-modiﬁed

glass substrates did not survive longer than 12–15 days, and that

neurites lengths rarely exceeded 100 m. This is to be correlated

with a distinct Tau localization pattern in PC12 cells seeded on

trialkoxysilanes-modiﬁed glass substrates, compared to PC12 cells

differentiated through NGF on a PLL substrate. Thus, although not

strictly necessary for triggering differentiation, NGF might be critical for PC12 cells to survive long-term in a differentiated state and

to stabilize and further extend neurites.

Surface energy distribution seemed to affect the morphology

of the extended neurites. Homogeneous distribution of terminal

amines in PLL substrate allowed neurites to adhere more ﬁrmly

than on glass–silane substrates. On PLL and under NGF treatment,

extending neurites drew smooth bends (Figs. 4c and 6), suggesting

that it established contacts with the substratum all along. Conversely, on glass-EDA substrate (Figs. 4a and 6), glass-PEDA and

glass-HTMS (Fig. 6), extending neurites drew straightened lines,

supposedly between adhesion points: from the cell soma to branching/turning points, and to growth cone. Between these adhesion

points, that appear in dark in RICM observations, neurites either

did not adhere, or adhered very weakly (Fig. 9a). It might suggest

that the heterogeneity of the trialkoxysilanes-modiﬁed surfaces is

not conﬁned to sub-micrometer scale. One possibility is that adjacent aggregates of silanes congregated and formed better adhesion

points. Filopodia might adhere brieﬂy on areas providing weak

adhesion, then extend to reach areas providing better support, and

ultimately orientate neurite outgrowth in the corresponding direc-
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Fig. 8. (a) AFM image of a ﬁlopodia on a glass-EDA surface. The height of the ﬁlopodia is 40 nm. (b) AFM image of a glass-EDA surface (as in Fig. 1a, but scaled up to 1 m2 ).

EDA aggregates, responsible for both nanoroughness and local gradients in surface energy, have dimensions comparable in size to the ﬁlopodium.



Fig. 9. RICM in cell culture conditions (in absence of NGF) representing parts of PC12 cells on an EDA-modiﬁed glass substrate (a) and on a glass coverslip coated with PLL (b).



Fig. 10. AFM ﬂuid-imaging in cell culture conditions, that is in a medium containing serum proteins but no NGF, representing an EDA-modiﬁed glass substrate (a) and a glass

coverslip coated with PLL (b).
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Fig. 11. AFM images of a plastic Petri surface coated with PLL in air (a) and in ﬂuid 5 days after seeding, that is in cell culture conditions (b). Plastic ﬁbbers generate a rms

roughness of 2–3 nm, but the morphology of the ﬁbbers differs from the morphology of the silane aggregates of a glass-EDA substrate (Figs. 2a and 10a).



tion. Thus, these physical cues seem to play a critical role in the

actual guiding of growth cone. Certainly, chemical cues do cooperate in the axonal guiding [15,16].

Cell adhesion to substrate and cell growth can be modulated by

serum protein adsorption on the substrate [37]. Obviously, potential contribution of serum proteins in cell adhesion will depend on

their ability to adsorb on the surface itself. As previously reported

in this study, serum proteins did modify PLL substrate nanoroughness, suggesting that they may participate in PC12 cell adhesion.

Yet, they had no dramatic effect on the nanoroughness of glassEDA substrate. Therefore, surface energy distribution by itself may

be sufﬁcient to trigger PC12 cell differentiation, independently of

serum protein contribution. Alternatively, serum protein adsorption preserved initial nanoroughness, and in addition potentiated

initial surface energy distribution. This potentiating effect might

be a critical factor in triggering PC12 cell differentiation. Beyond

protein adsorption, the fact that rms roughness of PLL substrate is

increased in ﬂuid conditions, without neuritogenesis being stimulated (in absence of NGF treatment), may suggest that topographical

morphology, is more critical than rms roughness in eliciting PC12

cell differentiation. Usually PLL and PLO are coated on plastic Petri

dishes, not on glass coverslips. Biopolymers like PLL and PLO should

coat plastic Petri dishes the same way as glass coverslips: homogeneously. Plastic-Petri surfaces exhibit ﬁbbers that generate a rms

roughness of 2–3 nm both in air and in ﬂuid (Fig. 11), yet we did

not observe neurite initiation on a plastic Petri surface coated with

PLL in absence of NGF treatment (data not shown). It might indicate

that neither the morphology of the roughness generated by plastic ﬁbbers, nor the morphology of layers of serum proteins formed

on PLL-coated plastic Petri dishes, and on glass coverslips, are able

to stimulate neuritogenesis. Consequently, both the size and the

arrangement of the silane aggregates on the surface might be critical to generate speciﬁc surface energy distribution that may trigger

PC12 cell differentiation.

Though our results indicate that the cell, through its ﬁlopodia

(Fig. 8), may be able to integrate a combination of nanoroughness

and local gradients in surface energy, the molecular mechanisms

of the triggered signalling cascade are not yet identiﬁed. One

strong hypothesis is that PC12 cells would react to surface properties by secreting factors contributing in building an environment

favourable to neuritogenesis. One such secreted factor could be NGF.

Yet, in our experimental conditions, NGF might not be secreted in

sufﬁcient amount as initial neuritogenesis is triggered, but longterm survival of differentiated cell is not guaranteed. Another



possibility is a modulation of extracellular Ca2+ [38] or intracellular Ca2+ in PC12 cells. According to the literature, depending on

the culture substrate, ﬁlopodia can generate transient elevation

of intracellular Ca2+ that is propagated back to the growth cone

[39], a process that is involved in neurite outgrowth. Heterogeneous distribution in surface energy could trigger a Ca2+ signalling

in ﬁlopodia. Consequently, it could trigger the activity of proteins,

including Rac1, RhoA and Cdc42 GTPases, FAK+, ␤-integrins, paxillin and vinculin. In response to growth factors and/or substratum

cues, these proteins modulate ﬁlopodia and lamellipodia assembly and disassembly, as well as the formation and stabilization of

focal adhesions at their edges [4,5,40–42]. The question is now:

what are the mechanisms and the proteins actually involved in this

physical signalling, i.e. how surface energy distribution is transduced.

5. Conclusions

Our results disclose a clear connection between substratum

physical cues and neuronal differentiation. Earlier experimental

data demonstrating the inﬂuence of substrate on cell differentiation would gain in being reappraised in light of this new criterion

(i.e. surface energy distribution), and, in turn, future experiments

will have to challenge it. Accordingly, other systems than PC12 cells,

such as primary neurons or astrocytes, may be dramatically affected

by surface energy distribution. As a result, future design of biomaterials may integrate local gradients in surface energy as a mean

to enhance nerve regeneration, for instance of hippocampal or cortical neurons. In addition, it will be interesting to investigate the

mediators of the physical signals sensed by ﬁlopodia. In particular,

it should be investigated whether PC12 cells can respond to physical cues only directly or also through components of the culture

medium.

Finally, improved substrates displaying highly organised SAMs,

with uniformly distributed surface energy, should be assessed

for their supposed inability to stimulate differentiation. Such

surfaces could be characterized using Fourier-transform infrared

spectroscopy to quantify the material adsorbed on glass surfaces.

Vibrational sum-frequency generation could be used to precise the

organisation level of SAMs. Other possible substrates could be based

on nanopillars displaying surface energy range that is comparable

to that used in the present study. Thus, it should be possible to

unveil what parameter in surface energy distribution triggers PC12

cell differentiation: whether it is surface concentration in termi-
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energy of adhesion of the pure EDA monolayer surface is less than

the energy of adhesion of the clean glass surface. Now we can calculate the energy of adhesion of water on a pure EDA monolayer

and on a clean glass surface:

WEDA = e (1 + cos 2 ) = 85.4 mJ m−2

and

Wglass = e (1 + cos 1 ) = 145.6 mJ m−2

and the difference between the energies of adhesion on glass-EDA

and on clean glass is:

E = |Wglass− WEDA | ≈ 61 mJ m−2 .
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