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Abstract: Substrate factors such as surface energy distribu-
tion can affect cell functions, such as neuronal differentiation
of PC12 cells. However, the surface effects that trigger such
cell responses need to be clarified and analyzed. Here we
show that the total surface tension is not a critical parameter.
Self-assembled monolayers of alkylsiloxanes on glass were
used as culture substrates. By changing the nanoscale struc-
ture and ordering of the monolayer, we designed surfaces
with a range of dispersive (%) and nondispersive (y"9) poten-
tials, but with a similar value for total free-energy (50 < y% +
y" < 55 mN m~"). When seeded on surfaces displaying 79/

y" < 3.7, PC12 cells underwent low level of neuritogenesis.
On surfaces exhibiting y¢/y"® > 5.4, neurite outgrowth was greatly
enhanced and apparent by only 24 h of culture in absence of nerve
growth-factor treatment. These data indicate how the spatial dis-
tribution of surface potentials may control neuritogenesis, thus
providing a new criterion to address nerve regeneration issues on
rigid biocompatible surfaces. © 2011 Wiley Periodicals, Inc. J Biomed
Mater Res Part A: 99A: 598-606, 2011.
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INTRODUCTION

Neuronal differentiation is critical to nervous tissue regener-
ation after injury, and a critical step in this process is
proper adhesion on a substrate.'™® The initiation of a neu-
rite relies on extracellular signals, such as spatial, chemical,
and mechanical inputs, which act together with the genetic
program to regulate cell functions.* Several studies demon-
strate the ability of cells, especially nerve cells, to sense
substrate nanoscale topography,”~ surface chemistry,®'°
and substrate compliance.'*™* Substrates with spatially
varied surface adhesiveness can orientate the growth of pre-
existing neurites along the direction of the gradients,’* and
heterogeneous distribution of nonspecific cell-substrate
interactions can even trigger neuritogenesis.'> Markedly,
nanoscale chemical heterogeneities were recently proven to
impact both cell adhesion and ability to differentiate into
neuronal cells.'® However, the exact role of the surface ten-
sion and its spatial variation is still unclear and further
experiments should clarify the surface adhesion parameters
that drive neuritogenesis.

Clonal line PC12 pheochromocytoma cells express the
transmembrane TrkA and p75 receptors to nerve growth
factor (NGF),'”'® and differentiate into a neuronal pheno-
type when challenged by appropriate NGF concentrations.*®
Hence PC12 cells constitute a relevant model to study
neuronal differentiation mechanisms. Substrate factors can
associate with NGF?° or even substitute to NGF?'?? in stim-
ulating differentiation of PC12 cells, and several key
inducers of PC12 neuronal differentiation in NGF-free
medium have been identified on soft substrates composed
of extracellular matrix (ECM) proteins such as collagen,
fibronectin, and laminin®* or of ECM derived from
astrocytes.??

In our two previous studies,*>'® we showed that PC12
differentiation in NGF-free medium is achievable also when
cells are seeded on stiff substrates. Glass surfaces coated
with self-assembled monolayers (SAMs) of alkylsiloxanes
displayed local gradients in surface free-energy, which
promoted neurite extension and expression of neuronal
markers.'® It turned out that PC12 differentiation was the

Additional Supporting Information may be found in the online version of this article.
*Present address of Guillaume Lamour: University of British Colombia, Centre for High-Throughput Biology, 183F-2125 East Mall, Vancouver,

British Colombia V6T 1Z4, Canada.
Correspondence to: G. Lamour; e-mail: lamour@chibi.ubc.ca

Contract grant sponsors: French Ministry of Research; The University of Paris Diderot; The IFR95; The University of Paris Descartes

598

© 2011 WILEY PERIODICALS, INC.



$

NH,

NH, NH;

; ; HN;
Si
H;CO~" | “~O0CH;
OCH;

Si
H,cO~~ | ~0CH;
OCH;

Si
HC— | SCH,
OCH;

ORIGINAL ARTICLE

NH, NH,
2 2
NH NH

HN;

Si
H:CO~~ | “~O0CH;

OCH;

Si
H:CO~" | ™SOCH,
OCH;

FIGURE 1. Schematics of NH,-terminated molecules used to modify glass surfaces. Molecules were grafted onto clean glass surfaces by chemi-
sorption from the liquid phase. APTMS, EDA, DETA, and PEDA do cross-link during SAMs formation, contrary to ADMS, that can only bind glass
surfaces through one covalent bond, following hydrolysis of its unique OCH; leaving group.

consequence of surface effects induced by nanoscale gra-
dients in wettability."® More precisely, these experiments
showed that a nanoscale mixture of CH3z and OH groups
triggered both PC12 adhesion and neuritogenesis, while
well-ordered homogeneous substrates made of either OH or
CH3 groups, did not favor PC12 adhesion. Cells responded
favorably to spatial variations of London-dispersion interac-
tion (long-range, y%; <100 nm) and nondispersive (short-
range, v"%; ~3 A) components in substrate surface tension.
However, we did not determine whether the total surface
free-energy (ys = v* + v"%) had a critical impact, as levels
of neuritogenesis were increased together with short-range
interactions that cells experienced (the y® being similar for
all substrates).16 Therefore, it has to be determined how
cells react to alternative distributions of surface potentials,
by designing surfaces which vys values are close to each
other.

To alter the respective intensities of y¢ and of y™9, we
used different NH,-terminated alkylsilanes (Fig. 1). Because
of the higher reactivity of NH, compared to (almost) apolar
CH;3 groups, the control over adsorption process is rather
difficult. We thus chose to modify glass surfaces from the
liquid phase using the same solvent solution for all mole-
cules. Consequently, only the differences due to the nature
of the molecules (alkyl chain length, number of amine
groups) can be held as responsible for distinct properties
related to surface ordering, and thus to specific distribu-
tions of y* and y™.

We analyzed our substrates applying the well-known
Zisman plot method®® to determine their critical surface
energies (yo), and the Owens-Wendt theoretical model** to
determine their surface potential components (y¢ and y"%).
Ye is an empirical value below which any liquid having a
surface tension lower than vy, will undergo complete spread-
ing, thus theoretically forming a molecular monolayer. v9
corresponds to instantaneous-dipole induced-dipole forces
that act between atoms and molecules, and can be assimi-
lated to Van der Waals forces in the context of this study.
v is the term regrouping all nondispersive interactions
(ionic-like electrostatic, acid-base—Lewis or Bronsted—in
general, and hydrogen bonds in particular).

It is important to remark that neither absolute values of
Yo nor the relative values of v¢ versus y" (or absolute val-
ues of y4/y"%) should be considered, only by themselves, as

critical triggers of specific cell responses such as neurito-
genesis. Rather, they macroscopically reflect diverse nano-
structures (sketched in Fig. 2) of overly simple model surfa-
ces substantially composed of terminal amines and hydroxyl
groups only. Therefore, the specific values indicated in this
study for y. and v4/y" are used to provide a convenient
tool to compare our surfaces between each other, but may
not apply when comparing systems which chemical nature
are essentially different (for instance, polymers such as
polystyrene, polycarbonate, or polysulfone, that all have dif-
ferent terminal groups). It is also to be noted that in this
work, we assimilate the discrete spatial distribution of the
energy of adhesion to local gradients in the energy of
adhesion.

Our results clearly show how diverse nanoscale struc-
tures influence PC12 cell neuritogenesis and provide an
insight into a formerly unknown type of cell-substrate
interactions. It clearly strengthen the idea that nanoscale
chemical heterogeneities, by generating surface-energy gra-
dients, are involved as a master parameter, stronger than
the surface roughness, in neurite initiation on stiff model
surfaces.

MATERIALS AND METHODS

Chemicals

Chemicals were obtained from Acros Organics (Geel, Bel-
gium), Sigma-Aldrich (St. Quentin Fallavier, France), ABCR
(Karlsruhe, Germany), Fisher Scientific (Illkirch, France) and
Carlo Erba Reagents (Val de Reuil, France). The sources and
purity of the chemicals used are recapitulated in Table L

Substrates preparation

Prior to use, glass coverslips (Menzel-Glaser, Braunschweig,
Germany) were cleaned by immersion for 20 min in ultra-
sonic bath of chloroform prior to immersion in piranha so-
lution [3:1 (v/v) concentrated sulphuric acid:40% hydrogen
peroxide (Caution! Piranha solution is a very strong oxidant
and is extremely dangerous to work with; gloves, goggles,
and a face shield should be worn)], then thoroughly rinsed
with ultrapure water and dried under a nitrogen stream.
Modified coverslips eda, peda, deta, aptms, adms, respec-
tively, were obtained by immersion of the clean glass in a
solution of 2% EDA, PEDA, DETA, APTMS, ADMS, respec-
tively, and of 94% methanol, 4% H,0, 1 mM acetic acid. The
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FIGURE 2. Sketches representing potential nanostructures of NH,-terminated self-assembled monolayers (SAMs) used as substrates for PC12
cell culture. Class 1 SAMs are well-ordered with all-trans conformation of alkyl chains, class 2 SAMs are disordered but limited to monolayer
formation, and class 3 SAMs are highly disordered, with possible multilayer formation and higher chemical heterogeneity. (A) ADMS, being a
monomethoxysilane, forms a class 2 SAM. (B) APTMS, EDA, DETA, and PEDA, being trimethoxysilanes, form surfaces that are most probably
the result of a combination between well-ordered (i.e., class 1) and highly disordered (i.e., class 3) organizations. One goal of this study is to
determine what organization predominates for each molecules, according to their lateral chain length and to the number of amine groups con-
tained by each chains (see Fig. 1). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

relatively high amount of water, together with acetic acid,
guaranteed that the hydrolysis of methoxy groups was pre-
dominant over other potential reactions?>?® involving termi-
nal amine groups and OH groups from the glass surface.
The time of immersion always exceeded 36 h, to obtain an
optimal coverage of the glass surfaces with aminosilanes,
such that contact angles could not be increased. All sub-
strates were then rinsed with methanol and either allowed
to dry under a laminar flow hood, prior to cell culture, or
dried under a nitrogen stream, prior to surface characteriza-
tion by AFM and contact angle measurements. All treat-

ments were carried out at room temperature and in ambi-
ent atmosphere (relative humidity ~ 50%).

Potential nanostructures generated by

NH,-terminated silanized surfaces

Molecules (noted in capital letters) of various chain length
and chemical nature (Fig. 1) were chosen to generate dis-
tinct surfaces (noted in minuscule letters), according to
their mechanism of adsorption and to the monolayer
formed on glass. According to our previous studies,’® the
resulting culture substrates can be ranked into three

TABLE I. Chemicals Used for Surface Modification and Contact Angle Measurements

Chemical Manufacturer Purity (%)
Ultrapure water (Elga UHQ PS MK3) Veolia Water Systems (p=18.2MQcm ")?
Methanol Carlo Erba Reagents >99.9 (HPLC)®
Acetic acid Carlo Erba Reagents 99.9 (RPE)
Sulphuric acid Sigma-Aldrich 95-97
Hydrogen peroxide Sigma-Aldrich 40 (m/v in H,0)
Chloroform Carlo Erba Reagents >99.8 (ACS)
n-[3-Trimethoxysilyl)propyllethylendiamine (EDA) Acros Organics 97
(3-(Trimethoxysilyl)propyl)diethylenetriamine (DETA) Sigma-Aldrich >85
3-Aminopropyltrimethoxysilane (APTMS) Acros Organics 95
3-Aminopropyldimethylmethoxysilane (ADMS) Acros Organics 97
(Aminoethylaminomethyl)phenyltrimethoxysilane (PEDA) ABCR 90
Formamide (FA) Fisher Scientific >99.5
Diiodomethane (DIM) Acros Organics >99

o-Bromonaphthalene (aBrN)

Fisher Scientific >96 (extra pure, SLR)

@ Concentration in TOC (total organic carbon) is < 10 ppb.
P Water content is <0.01%.
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TABLE Il. Data Collected From Contact Angle Measurements and AFM
adms aptms deta eda peda

Oh20 deg 57 54 62 68 70
OFa deg 45 41 51 47 48
eD||v| deg 42 39 36 32 27
08N deg 34 32 25 21 18
Yo mN m~’ 26.4 = 1.4 28.0 = 1.6 37.6 + 23 42.1 = 1.1 43.6 = 2.2
Vs mN m™’ 52.4 = 1.6 54.7 = 1.6 50.6 = 1.5 50.2 = 1.2 50.2 = 1.0
¥4 mN m™" 37.0 + 0.8 38.0 = 0.8 39.8 = 0.6 42.4 + 0.2 43.6 = 0.2

nd mN m™’ 15.4 = 1.6 16.7 = 1.6 10.7 = 1.3 7.8 £ 1.0 6.6 = 1.0
Yo ynd 2.4 2.3 3.7 5.4 6.6
rms (1 pm?) nm 0.3 0.3 0.3 0.3 0.3
rms (4 pm?) nm 0.4 1.4 0.4 0.3 0.4
0AR deg 15 54 32 42 40

Contact angles (0) were measured using water, formamide (FA), diiodomethane (DIM), and a-bromonaphthalene (aBrN), as test liquids. Uncer-
tainty on a measured contact angle was statistically estimated to be less than 2°,%” and taken into account in the calculations of surface energies.
0ar is the difference between advancing and receding contact angles of water. The critical surface tension (y.) was determined from Zisman
plots using contact angles of each test liquids (Fig. 3). The dispersive (v%) and nondispersive (y"9) values of the total surface free-energy (y)
were calculated from the water and aBrN fitted contact angles (see Table Sll in Supporting Information). Values of the root mean square (rms)
roughness (0.1 nm) are the mean of three independent measurements.

different classes (Fig. 2) with regard to nanoscale surface
organization and hence to distribution of surface energy.
Being a monomethoxysilane, ADMS should generate a class
2 surface, which is rather homogeneous, due to monolayer
formation processes that forbid multilayer formation.
APTMS, EDA, DETA, and PEDA are trimethoxysilanes, and as
such, are capable of undergoing chaotic polymerization pre-
viously to the adsorption on glass. Here, the adsorption of
trimethoxysilanes can give rise either to a well-ordered
(class 1) or to a disordered (class 3) organization, or to a
combination of these organizations, as sketched in Figure 2.
Therefore, it has to be determined what organization, or-
dered or disordered, will be favored for each glass-bound
oligomers made of trimethoxysilanes.

Surface characterization and determination

of surface energies

Details on methods in this section can be found in Ref. 16.
Briefly contact angles (0) were measured as described in a
previous work.?” The critical surface tension y. was calcu-
lated using the Fox-Zisman approximation®® after measuring
the contact angles of all test liquids, namely H,0, FA, aBrN,
and DIM. The Owens-Wendt theoretical model** was used
to calculate the long-range dispersion (Lifshitz-Van der
Waals; v% <100 nm) and the short-range non-dispersive
(electron donor/acceptor; y"%; ~3 A) components of the
surface free-energy (SFE) using contact angles of H,O and
aBrN for each solid substrate (see Table SI and Figs. S1 and
S2 in the Supporting Information). It is noted that the con-
tact angle values used for these calculations were extracted
from the Zisman plots fitted data (see Table SII in the Sup-
porting Information). Uncertainties on all surface energies
were calculated considering an error of £2° on a contact
angle measurement.?’ 0,g, that is the difference between
the advancing and receding contact angles of water, was
measured for every substrate. For roughness analyzes, we
used a Bioscope™ AFM (Veeco) in air tapping mode and
evaluated the root-mean-square (rms) roughness of the

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | 15 DEC 2011 VOL 99A, ISSUE 4

surfaces for areas of 1 and of 4 pm?. For a clean glass (ie.,
SAM-free) substrate, we obtained rms ~ 0.3 nm.

PC12 cell culture

Unless otherwise specified, biological products were pur-
chased from Invitrogen (Fisher Bioblock Scientific, Illkirch,
France). PC12 cells (ATCC, CRL 1721) were maintained in
Dulbecco’s Modified Eagle Medium containing horse serum
(5%), fetal calf serum (5%, HyClone), nonessential amino
acids (1%), and antibiotics (1%). In the experiments, PC12
cells (passage numbers 7-17) were seeded onto modified
glass coverslips, that had been sterilized by immersion in a
solution of 70% methanol and 30% H,0 for 15 min. Cells
were seeded in a small volume of the culture medium (V =
335 pL), to trap PC12 cells on the top of the modified sub-
strates. The cell density at the time of seeding was ~10*
cm ™2 Cell behavior was analyzed 24 h after seeding. No
further addition of culture medium was made and, in partic-
ular, no NGF was added to the culture medium. The propen-
sity of PC12 cells to initiate neurites was evaluated on each
substrate, as described in our previous work.!® Statistical
analysis was done using the independent two-sample t test
assuming an equal variance for each sample group of the
same sizes (N = 3 independent measurements). p values
were used to indicate levels of statistical significance.

RESULTS AND DISCUSSION

Classification of substrates in distinct surface classes
Molecules are written in capital letters (e.g., EDA) and cor-
responding surfaces generated from them are written in
small letters (e.g., eda). Data obtained for static contact
angles (0,r: advancing minus receding), v, SFE potentials,
and roughness analysis, are recapitulated in Table II. Two
groups of surfaces arise from the values determined for vy,
(Fig. 3). In the first group, we find adms and aptms surfa-
ces, which v, are quite weak (26 and 28 mN m %, respec-
tively). The second group is composed of eda and peda
surfaces, which vy, are higher (42 and 44 mN m™,
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FIGURE 3. Zisman plots used to determine the critical surface tension
(yc) of solid substrates. Contact angles (6) were measured using
water, formamide (FA), diiodomethane (DIM), and a-Bromonaphtha-
lene (aBrN), as test liquids. v, values were read where the line fits
intersect cos 6 = 1 (uncertainties on vy, values never exceeded +2.3
mN m~", see Table Il). v, indicates the propensity of each substrate to
exhibit OH groups at its surface: the more OH groups are accessible
to the test liquid, the higher the y. is. An interpretation of the results
versus theoretical expectations is provided in Note S1 in the Support-
ing Information. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

respectively). The y. of deta substrate has an intermediate
value (38 mN m™1).

The wettability of aptms appears to be close to that of
adms, which is used here as a reference for class 2 surfaces.
We hypothesize that it results from a high similarity
between ADMS and APTMS molecules (see Fig. 1), and in
spite of the fact that the adms surface should exhibit CHs
groups (Fig. 2). However, it is likely that these CH3 groups
are essentially buried inside the monolayer formed on glass
by ADMS molecules. In this case, adms and aptms sub-
strates could display similar surface nanostructures (see
also Note S1 in the Supporting Information). Their vy, values
indicate that, of all the substrates, adms and aptms exhibit
the lowest proportion of OH groups. Indeed, the more OH
groups the substrate exposes, the higher the y. of the sub-
strate is, and closer to that of clean glass (>150 mN
m~1).?82% Because the adms surface is believed to be rather
homogeneous, it suggests that APTMS molecules, though
able to form a class 3 SAM, shape a nanostructure in which
the ordered organization of monomers is favored over the
disordered organization. Both adms and aptms surfaces are
then to be considered as class 2 SAMs, that are homogene-
ous at the micrometer scale, although at the nanometer
scale, surface-energy gradients can reach high values (25 <
ve < 150 mN m™') because of the few OH groups that are
scattered in a larger number of NH, groups. The low 0,r
(15°) measured for adms conforms with this hypothesis, as
we found a similar value (14°) for class 2 CHz-terminated
SAMs.® The high 0xr (54°) measured for aptms is not signi-
ficative of an enhanced chemical heterogeneity compared to
adms, as its surface exhibits a high nanoroughness (rms =
1.4 nm vs. 0.3 nm for all other substrates). O,r values are
indeed known to increase with both chemical heterogeneity
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and physical roughness.>® This nanoroughness, observed for
surface areas higher than 1 um? (Fig. 4), is believed to be
due to the over covering of the aptms substrate by addi-
tional APTMS molecules, presumably physisorbed on it.
Finally, the fact that the v. of aptms (28 mN m™ ") is a little
higher than that of adms (26 mN m™') confirms that, de-
spite being analogous to the adms substrate, aptms is the
result of monolayer formation where “vertical polymeriza-
tion”3! is nonzero. Therefore, we introduce the class 2’ SAM,
that is, a trimethoxysilane-based SAM which shares the
properties of class 2 rather than class 3 SAMs.

High 7y, values calculated for eda (42 mN m ') and peda
(44 mN m™") tend to show that their surface-exposed OH
groups are in far higher proportion than in adms and aptms
substrates (see also Note S2 in the Supporting Information).
This illustrates the highly disordered structures displayed
by both eda and peda, likely resulting of substantial vertical
polymerization before and during chemical adsorption to
glass. As a result, both eda and peda substrates can be
considered as canonical class 3 SAMs.

It is impossible to classify the deta surface versus the
other substrates considering its y. value only. Indeed, deta’s
Ye (38 mN m™) is significantly lower than the y. of both
eda and peda, indicating that it exposes a lower proportion
of OH groups. This would correspond to a lower rate of
vertical (vs. horizontal) polymerization during monolayer
formation. Consequently, the ordered organization (i.e., class
1 SAM) might predominate over the disordered organization
(i.e., class 3 SAM), though the 7. of deta still remains much
higher than the y. of both adms (26 mN m™') and aptms
(28 mN m™), assigned to class 2 (or 2') SAMs. O, of deta
(32°) strengthen this interpretation, because it reveals a
chemically heterogeneous surface as opposed to the adms
surface (which 0,g = 15°), though not as heterogeneous as
eda (0ar = 42°) and peda (05r = 40°), the roughness being
very low for all these three substrates (rms = 0.3 nm).

| aptms substrate |

adms substrate |

- |3

i rms (1 ,um) =0.3nm

rms (1 um?) = 0.3 nm

———F -
. L

. = = ;
rms (4 ym?) = 1.4 nm 8

0 1um 0

rms (4 um?) =  nm

1um

FIGURE 4. AFM images representative of the surfaces used as cell
culture substrates. Roughness increase is evident for surfaces higher
than 1 um? (here: measured on 4 um?) and only for the aptms surface.
For each of the other manufactured substrates, images of the surface
are similar to the image of the adms surface shown here, and rms
value does not increase with the area considered (rms = 0.3 nm; see
also Table ).
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aptms deta eda
Substrates

FIGURE 5. SFE components v¢ and y"“ of solid substrates. y¢ and y"
were calculated through the measurements of water and aBrN contact
angles, using the Owens-Wendt theoretical model. Although the dis-
tribution of v¢ and y"? vary from one substrate to another, total SFE
(i.e., vs = v¢ + v values are very similar for all substrates. PC12 cell
fate, 24 h after seeding, is indicated for each of these substrates:
either the cells adhered and initiate few neurites (—), or the adhesion
was enhanced and the cells generated many neurites (+). Uncertainty
bars relate to y. and ys values (see Table Il). The Owens-Wendt model
using other combinations of test liquids is discussed along with Fig-
ure S2 in the Supporting Information.

Substrates surface potentials: long-range,

short-range, and total free-energy

The total SFE (ie, vs = 7% + v"Y) of all substrates verify:
50.2 < vs < 54.7 mN m~" (Fig. 5). These values are of the
same order of magnitude than those determined for CHjs-
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terminated SAMs, for which we obtained: 21.6 < y, < 59.9
mN m~1.'® Hence it is relevant to compare CHsz- with NH,-
terminated SAMs, especially those that belong to the same
surface class but differ chemically. Moreover, because here
Ys values are similar between each other, it becomes possi-
ble to determine whether vy, is critical to PC12 cell
neuritogenesis.

Each substrate verify the relation v > (Fig. 5). Yet,
the distributions of v¢ and y™ significantly differ between
class 2 or 2/ surfaces (adms or aptms), where y¢/y" < 2.4,
and class 3 surfaces (eda and peda), where y%/y"* > 5.4
(see Note S2 in the Supporting Information where SFE val-
ues are further discussed). As with Zisman plots, the deta
surface is in between these class 2 and class 3 surfaces, dis-
playing y4/y"? = 3.7. Therefore it is not possible to classify
it considering this parameter only. However, it constitutes
an alternative to the other substrates considered here, and
thus makes an interesting case for cell culture experiments.
The particular propensities of each substrate to stimulate
neuritogenesis of PC12 cells according to surface energy pa-
rameters are discussed here after.

Differential behavior of PC12 cells according

to the surface organization

The observation of PC12 cells (Fig. 6) seeded on eda, peda,
adms, and aptms, previously characterized, clearly show
that the total surface tension vy is not a critical parameter
in triggering or not differentiation as their surface energies

o

| class2' |
P =

]

FIGURE 6. PC12 cells 24 h after seeding in NGF-free medium. y¢ and v are respectively the dispersive and polar components of the surface
tension, displayed in Figure 5 and Table Il. Cell shape appears to be controlled by distinct distributions of surface potentials, indicated by y%/y"¢
for each surfaces. PC12 cells adhered poorly on clean glass and quite fairly on class 2 (adms) and class 2’ (aptms) SAMs. Yet, their adhesion
was even stronger on class 3 SAMs (eda and peda), where cells showed signs of polarization (inset boxes) and generated more neurites. On a
deta substrate, cells behaved as they did on class 2 and class 2 SAMs, indirectly indicating the surface organization of this substrate, for which
surface analysis could hardly determine whether it was a class 2 or a class 3 SAM. Observations were made with an optical phase-contrast
microscope. Scale bar: 250 um (inset boxes: 50 um), applies for all images.
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FIGURE 7. Propensity of PC12 cells to initiate neurite outgrowth with-
out NGF treatment according to the substrate and 24 h after seeding.
Pictures were taken from several fields of cells grown on each sub-
strate, and the number of grown neurites (L > 25 um) was counted.
Values were compared with those of neurites extended on adms
surfaces. The data reflect typical differences between substrate
classes. On class 2 SAMs and class 2’ SAMs, cells adhered but initi-
ated few neurites. On class 3 SAMs, adhesion was enhanced and cells
generated more neurites [p < 0.001 (¥*)]. It is to be noticed that class
2’ SAMs seemed more favorable for neuritogenesis than a canonical
class 2 SAM such as the adms substrate, though statistical differences
can hardly be considered significant (p = 0.29 for aptms and p = 0.20
for deta). The density of neurites generated by PC12 cells on deta
substrate suggests that it may be a class 2 SAM, while surface analy-
sis did not allow its classification. Bars represent SE of the mean. N =
3 independent measurements for each condition.

are comparable (50-55 mN m™"). Although v, is similar for
all substrates, high levels of neuritogenesis is observed
when cells were seeded on class 3 surfaces, and low levels
when seeded on class 2 surfaces. Class 3 surfaces exhibit a
highly disordered nanoscale mixture of NH, and OH groups,
thus generating significant local gradients in energy of adhe-
sion, whereas class 2 SAMs are rather homogeneous. There-
fore, we believe that these local gradients are the critical
surface signal that triggers PC12 neuronal differentiation
(see Fig. S3 in the Supporting Information), by displaying
spatial variations of the surface potentials all along the cell
membrane.

PC12 cells spread very well on eda and on peda sub-
strates indicating a good adhesion to the substrate. Cells
also showed signs of polarization (Fig. 6, inset boxes), what
prefigures neurite extension.®? Additionally, PC12 cells gen-
erated a comparable high density of neurites, whether
seeded on eda (45 mm ?) or on peda (55 mm ?) (Fig. 7),
both surfaces displaying similar y. (>42 mN m ') and dis-
tribution of surface energy components (y¢/y" > 5.4) char-
acteristic of (NH/OH) class 3 SAMs. Likewise, cells pro-
duced a low number of neurites on both class 2 SAMs adms
and aptms that shared similar surface energy parameters
(ve < 28 mN m™" and y%/y"! < 2.4). However, a difference
in neurite density was noted between adms (3 mm~?%) and
aptms (8 mm~?) that might be related to a difference in
their nanostructures. As seen above, the aptms substrate is
a class 2’ SAM, which means that few parts of the aptms
surface might exhibit class 3 NH,/OH structure. This would
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explain that cells generated more neurites on aptms than on
a canonical class 2 surface (i.e., adms) but that they spread
less and developed less neurites than on class 3 substrates
(i.e., eda or peda).

Neuritogenesis appears to be controlled according to the
distribution of y¢ and vy Surfaces which distribution of
SFE components verified v¢/y™ < 3.7 poorly triggered neu-
rite outgrowth, whereas on surfaces displaying v/ > 5.4
many more neurites were initiated (Figs. 5 and 6). However,
testing these results against those obtained with CHs-termi-
nated alkylsiloxanes SAMs'® suggests that diverse distribu-
tions of long- and short-range interactions can lead similarly
to PC12 differentiation, providing the surface chemical na-
ture (CH3/OH or NH,/OH) is different. Actually, CH3/OH
class 3 surfaces exhibiting Y™ (>20.9 mN m™') and ¢
(<£27.3 mN m™') that were significantly different than the
v (<78 mN m™Y) and the v¢ (>42.4 mN m™ 1) of the
NH,/OH class 3 surfaces considered here, proved to be as
suitable to PC12 adhesion and differentiation (cf, Ref. 16,
Figs. 4 and 5). We also note that, even though high levels of
neuritogenesis seem to correlate here with high y. values, it
is likely that the absolute vy, value is not a critical parameter
in itself since in other systems,'® surfaces sharing similar v
values (19.9 < y. < 26.7 mN m™ ') but significantly lower
to that of eda and peda (that display y. > 42 mN m })
could trigger different cell responses, including PC12 differ-
entiation and neuritogenesis. Therefore, we hypothesize
that, rather than a particular value of y. or a particular
combination of y¢ and ™, which primarily reflect macro-
scopic surface properties, cells respond to the way these
SFE potentials are spatially distributed at the nanoscale
level along the substrate surfaces. This interpretation is sup-
ported by the fact that greater chemical nano-heterogene-
ities seem to better stimulate the neuritogenesis (as sug-
gested for eda and peda surfaces, which 0, values are the
greatest of all the surfaces displaying very low
nanoroughness).

Seeded on a clean glass surface, PC12 cells adhered
poorly (Fig. 6) though clean glass surface tension (y. > 150
mN m~Y) is far higher than that of all other substrates (y.
< 44 mN m™"). We note that in ambient (PV) conditions,
clean glass is hydrated, leading to a y. value that should be
lower than 150 mN m™", but still ranging in values (>70
mN m™") higher than all other substrates. By 24 h of seed-
ing, some cells were observed that floated over the surface,
and others had begun to aggregate to each other. During the
following days of culture, the vast majority of PC12 cells
appeared to be trapped into aggregates comparable in size
and in shape to those we previously observed on CHz-termi-
nated class 2 surfaces.'® In fact, cell clusters formation is
believed to extend cell lifetime on a surface that does not
favor cell adhesion. In view of these observations, we
hypothesize that the adhesion of PC12 cells is intrinsically
impeded on clean glass.

PC12 extension was similar whether seeded on an
aptms or on a deta substrate (Figs. 6 and 7). Surface charac-
terization exploiting the theory of Zisman was not sufficient
to clearly ascribe the deta substrate either to a class 2 or to
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a class 3 SAM (Fig. 3). Even if the y. of the deta substrate
(38 mN m 1), though smaller, is nevertheless close to the v,
of class 3 surfaces (>42 mN m™ 1), cell shape when seeded
on deta is rather comparable to cell shape on a class 2’ sur-
face like aptms. Indeed, the density of generated neurites is
similar for both substrates (8 mm ™2 for aptms and 9 mm ™2
for deta). These data suggest that a non-negligible amount
of DETA monomers are rather in an ordered organization
than in a disordered one. As a result, the deta surface might
be considered as a class 2’ SAM. It is to be noted that
here, cells can be used as “probes” to detect a surface
nanostructure.

In summary, surface analyzes indicate that deta nano-
structure is rather a class 3 SAM than a class 2 SAM,
whereas cell observation suggests the opposite. To explain
this, we hypothesize that the deta substrate does exhibit
local gradients in surface energy, but not as high as those
displayed by the eda and peda surfaces. That cells detect a
gradient over a threshold value remains to be determined
(for instance, using patterned surfaces with controlled gra-
dients at the nanometer scale), since the gradients can theo-
retically emerge out from the surface as soon as a few OH
groups appear in a NH,-continuum.

How do cells respond to nanoscale surface
characteristics?

Beyond explaining how cells “sense” the surface energy gra-
dients, the modeling of neurite formation process®® suggests
how cells could be affected by nanoscale chemical heteroge-
neities. Some authors have suggested that the initiation of a
neurite could be the result of spontaneous membrane oscil-
lations.>**° In this model, local membrane heterogeneities
produce focal depolarization that lead to an increase of
calcium and sodium ions entry inside the cell.3® The trans-
location of these ions would then induce a positive feed-
back, driving more ions to pass through the cell membrane
and eventually lead to the initiation of a neurite. Within the
framework of this model, it appears possible that local gra-
dients in interactions (distribution of long-, short-range
interactions) in substrate surfaces would stimulate local
membrane oscillations (attraction/repulsion), which would
in turn induce neuritogenesis by activating the positive
feedback of calcium and sodium ion entry.

This hypothesis is sustained by observations made by
reflexion interference contrast microscopy,’® in which we
found that seeded on a homogeneous amine-terminated
substrate, the vast majority of PC12 cell surface was in close
contact with the substrate. Conversely, on a heterogeneous
NH,/OH substrate, cell-substrate close-contact areas were
in low proportions, suggesting that the amplitude of mem-
brane oscillations was increased, eventually driving PC12
cells to generate neurites. In addition, it was shown that
calcium transients through filopodia could promote sub-
strate-dependent growth cone turning>’ It is thus likely
that substrate-induced PC12 differentiation relies on a
mechanism that would involve the cooperation of filopodial
and/or lamellipodial membrane movements with external
factors, such as calcium transients.

ORIGINAL ARTICLE

CONCLUSIONS

PC12 cell ability to undergo neuritogenesis was assessed
according to surface ordering, and thus to surface free-
energy distribution. Our results indicate that PC12 cells
were sensitive to the nanoscale spatial distribution of sur-
face potentials, rather than to the total surface tension. A
range of NH,-terminated self-assembled monolayers with
varying surface energy distributions were successfully pre-
pared. We characterized their chemical structure as predo-
minated by a rather homogeneous (i.e., class 2) or heteroge-
neous (i.e., class 3) nanoscale organization. Seeded on class
3 surfaces, PC12 cells adhered well and full neuritogenesis
was obtained by less than 24 h of culture without NGF
treatment. Data presented here combined to previous obser-
vations provide an overall outlook on PC12 cells interaction
with stiff model surfaces: on homogeneous surfaces (com-
posed of either CHz, NH;, or OH groups), PC12 cell adhesion
is modulated by the chemical affinity to each of these
groups, and even when adhesion is favored, that is, on NH,-
surfaces, only few neurites are generated. Conversely, on
highly heterogeneous substrates (composed of a nanoscale
mixture of either CH3/OH or NH,/OH groups, whether or
not intrinsically favorable to the cells), adhesion is greatly
enhanced and high levels of neuritogenesis are observed.
Future work should determine whether other cell types
such as myoblasts or osteoblasts are also sensitive to the
nanoscale distribution of surface potentials.
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