202 Biophysical Journal Volume 93 July 2007 202-207

Substrate Chemistry-Dependent Conformations of Single Laminin
Molecules on Polymer Surfaces are Revealed by the Phase Signal of
Atomic Force Microscopy
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ABSTRACT The conformation of single laminin molecules adsorbed on synthetic substrates is directly observed making use of
the phase magnitude in tapping mode atomic force microscopy (AFM). With AFM, it is not possible to differentiate the proteins on
the substrate if use is made of the height signal, since the roughness of the material becomes of the same order of magnitude as the
adsorbed protein, typically 10 nm height. This work shows how AFM can be exploited to reveal protein conformation on polymer
materials. Different laminin morphologies are observed on a series of different copolymers based on ethyl acrylate and hydro-
xyethyl acrylate as a function of the surface density of —OH groups: from globular to completely extended morphologies of the protein
molecules are obtained, and the onset of laminin network formation on some substrates can be clearly identified. The results
stress the importance of the underlying synthetic substrate’s surface chemistry for the biofunctional conformation of adsorbed

proteins.

INTRODUCTION

When in vivo or in vitro with standard culture media, cells do
not interact directly with the surface of a synthetic material,
but with extracellular matrix (ECM) proteins somehow im-
mobilized onto it (1,2). Cell adhesion involves different
phenomena in which different biological molecules partic-
ipate: ECM proteins, cell membrane proteins, and cytoskel-
eton proteins that interact to convey information, transcribe
factors, and regulate gene expression (3). Cell adhesion is
mediated by a family of transmembrane receptors, the most
important being the integrin family, which recognize and
bind specific amino-acid sequences along ECM proteins (4)
such as the arginine-glycine-aspartic acid tripeptide (RGD),
thought to be one of the main adhesion motifs in many ECM
proteins, e.g., fibronectin, laminin, vitronectin (5). The con-
centration, distribution, and mobility of ECM proteins ad-
sorbed on a surface thus play a fundamental role in the
biofunctionality of a synthetic material, and are clue factors
for the biological response of a substrate. In this work we
show that the phase magnitude in tapping mode atomic force
microscopy (AFM) is able to reveal single protein molecule
conformations on polymer surfaces and we make use of it to
study surface-induced changes in laminin adsorbed on co-
polymers of poly(ethyl acrylate-co-hydroxyethyl acrylate),
P(EA-co-HEA). This system provides a family of materials
with varying hydrophilicities, in which the surface density of
hydroxyl groups can be varied through the ratio of both co-
monomers in the material, while keeping the types of chem-
ical functionalities unchanged throughout the series.
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Laminins are trimeric molecules of «, 3, and y chains with
molecular masses of 140—400 kDa. Several laminin iso-
morphs are known, with a large number of genetically distinct
chains (o to as, 31 to B3, and 7y to y3) (6). The laminins are
important glycoprotein components of basement membranes,
where they provide interaction sites for many other constit-
uents, including cell surface receptors (7-9). Laminin plays
an important role in neural cell migration, differentiation,
and neurite growth (10-13), and it has been used as a coating
for improving nerve cell adhesion and growth on different
substrates (14—16).

ECM proteins can adopt different morphologies depend-
ing on the substrate onto which they adsorb. Protein ad-
sorption on material surfaces is a process driven both by
energy (several noncovalent interactions between the mo-
lecular groups of the substrate’s surface and of the protein,
such as hydrogen-bonding, electrostatic, or van der Waals
interactions) and by entropy: the release of bound water
molecules of the protein as it unfolds to adsorb on the surface
means a significant entropy increase (17,18). Clearly, this
second mechanism favors materials with hydrophobic char-
acter as better protein adherents, but it is the interplay of both
mechanisms that determines the amount and the conforma-
tion of the adsorbed proteins. It is known that fibronectin, for
example, adsorbs mainly on hydrophobic surfaces, and that
its conformation depends on the hydrophilic degree of the
surface (19). The von Willebrand factor adsorbs both on
hydrophilic and on hydrophobic surfaces, but shows differ-
ent molecular conformations that affect its function (20). An
important factor in cell response is the way in which ad-
hesion motifs are presented to the cell receptors: integrins are
able to recognize differences induced by the substrates in the
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orientation, spacing, and microenvironment of the RGD
motifs of the adsorbed proteins (21,22).

There are only few experimental methods available to study
the surface-dependent conformations of adsorbed proteins.
AFM is one of the most powerful ones, but it is in need of
special conditions so as to generate adequate images, i.e., the
substrate must possess a very smooth topography so that the
height image is able to detect the protein molecule against
it, typically some 10 nm height above the surface. This is
the reason why, in AFM studies of protein conformation
on substrates, only model surfaces have been used so far:
a-macroglobulin on graphite (23), fibronectin on silica and
mica (24), laminin and collagen on mica (25), and supramo-
lecular assemblies (fibrillin and type VI collagen microfibrils)
on silicon wafers and glass coverslips (26,27). Synthetic
polymers are employed in many biotechnological processes
in which the adsorbed protein layer interfaces to the biological
media, and their surfaces differ greatly from those model
surfaces. To our knowledge, the direct observation of ECM
proteins on these commonly used materials has not been
reported, mainly because surface roughness becomes of the
same order of magnitude as the adsorbed protein. This work
shows that the phase magnitude in tapping mode AFM is the
experimental magnitude to be exploited to obtain significant
information on protein conformation on polymer substrates.

MATERIALS AND METHODS
Substrates preparation

Copolymer sheets were prepared from a solution of the following monomers:
ethyl acrylate (EA) (99% pure; Aldrich, Steinheim, Germany) and hydrox-
yethyl acrylate (HEA) (96% pure; Aldrich), with the desired proportion, using
0.1 wt % of benzoin (98% pure; Scharlau, Barcelona, Spain) as photoinitiator
and 2 wt % of ethylene glycol dimethacrylate (98% pure; Aldrich) as cross-
linking agent. The polymerization was carried out up to limiting-conversion.
Five monomer feed compositions were chosen, given by the weight fraction
of EA in the initial mixture of 1,0.7, 0.5, 0.3, and 0. After polymerization, low
molecular mass substances were extracted from the material by boiling in
ethanol for 24 h and then drying in vacuo to constant weight.

Small disks (~5 mm diameter) were cut from the polymerized sheets to
be used in AFM.

Laminin adsorption

Laminin from Engelbreth-Holm-Swarm murine sarcoma basement mem-
brane (L-2020, 1 mg/ml; Sigma, Steinheim, Germany) was adsorbed on the
different substrates by immersing the material sheets in a 1:500 physiolog-
ical solution (NaCl 0.9%) for 10 min. After that, the sample was dried by
exposing its surface to a nitrogen flow for a few minutes.

Atomic force microscopy

In the tapping mode AFM, a cantilever oscillates with the probing tip close
to its free resonance frequency with given amplitude. The interaction be-
tween the sample and the probe gives rise to a shift in the probe vibration
respective to that measured in a free oscillation, i.e., with the probe far away
from the sample. The vertical displacement (height) needed to keep the set
amplitude provides information about the topography of the system. On the
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other hand, the measured phase shift may be caused by differences in the
viscoelastic properties in different parts (or phases) of the sample, and in this
sense it can provide some information about the morphology of the system.
However, differences in phase lag may be caused by geometric features such
as edges, etc., and can be a mere reflection of the topography of the system.
There are several strategies for programming the apparatus parameters to
obtain both accurate surface topographies (height) and morphologies (phase).
Recent studies have shown that only when the amplitude of the vibrating
cantilever is programmed to be equal to that of the free cantilever, does the
height of the topography represent a true surface topography, and that a
much harder tapping is necessary to observe maximum phase shift contrast
between stiff and soft regions of the material (28).

AFM was performed in a NanoScope III from Digital Instruments (Santa
Barbara, CA) operating in the tapping mode in air; Nanoscope 4.43r8 soft-
ware version was used. Si-cantilevers from Veeco (Manchester, UK) were
used with force constant of 2.8 N/m and resonance frequency of 75 kHz. The
phase signal was set to zero at the resonance frequency of the tip. The tap-
ping frequency was 5-10% lower than the resonance one. Drive amplitude
was 200 mV and the amplitude setpoint Ay, was 1.4 V. The ratio between
the amplitude setpoint and the free amplitude A,p/Ay was kept equal to 0.7.

Several AFM images were analyzed to calculate the fraction of the
surface area covered by the protein. The experimentally measured intensity
images were converted to binary images by using Otsu’s method, which
chooses the threshold to minimize the interclass variance of the thresholded
pixels (29).

RESULTS AND DISCUSSION

Fig. 1 shows the height, phase, and amplitude magnitudes on a
very smooth surface (surface roughness: R,,,,x = 2.8 nm, root
mean-square (RMS) = 0.3 nm) achieved for one of the
copolymer samples (50:50). It must be understood as a control
experiment in which the structure of the adsorbed laminin,
as obtained by the phase mode, can be compared to those
depicted on the height and amplitude modes. This experiment
supports the idea that the phase magnitude is able to reveal the
shape of the protein on the substrate. It is important since we
are going to make use of it on normal (not so smooth) polymer
surfaces, where the height magnitude cannot be used for
revealing the protein morphology on the material.

Fig. 2 shows the height and phase magnitudes for two of the
copolymer samples. It is observed that while single protein
molecules are clearly revealed in the phase signal picture (the
dimension of a single laminin molecule is ~70-90 nm length
and <8 nm height), the roughness of the material, even if in
the range of 15 nm nanometers (Table 1), masks the laminin
molecules which consequently can hardly be distinguished
from the substrate. Fig. 2, a and b, do not allow us to dis-
tinguish the laminin adsorbed on the substrate in the height
magnitude. Nevertheless, in some cases (Fig. 2, ¢ and d), the
height magnitude is able to detect some evidence of the
protein profile but it is not as sensitive as the phase magnitude.
Similar results are obtained for the rest of copolymers.
Contrary to what is obtained when studying protein confor-
mations on very smooth surfaces (23-27), for normal polymer
substrates with biomedical applications the height magnitude
is not appropriate. By contrast, the phase magnitude is the
feature capable of revealing the conformation of even single
laminin molecules as a function of substrate chemistry.
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FIGURE 1 AFM images for the P(EA-co-HEA) 50:50
copolymer scanned on a very smooth area of the sample
(Rimax = 2.8 nm, RMS = 0.3 nm). The three characteristic
magnitudes of the tapping mode were taken simultaneously:
height (a), phase (b), and amplitude (c). The image shows
that the phase mode is able to reveal the conformation of
the protein on the substrate as compared both with the height
and amplitude magnitudes.

1000 nm 1000 nm

Fig. 3 shows the protein conformation after adsorption on
the different copolymers. Protein molecules show globular-
like morphology on the hydrophilic PHEA and gradually
extend as the amount of —OH groups on the surface di-
minishes, up to a point in which the protein conformation
tends again to a more compact, less extended conformation.
Additionally, the formation of a laminin network takes place
on the 50:50 copolymer in which the N-terminal domain of
all three chains of the protein are linked (Fig. 3 g). This
polymerized supramolecular aggregation is the typical form
of laminin in the basement membrane and its formation
depends on time, temperature, and concentration (30). The
formation of protein networks on our surfaces must be con-
ditioned not only by the different conformation of the molecule
on the substrate, but also by the surface density of adsorbed
protein.

540 prmy

FIGURE 2 AFM images for the P(EA-co-HEA) 70:30 (a,b) and the 50:50
copolymers (c,d). The height image (/eft) shows a uniform surface in the 15
nm scale (a) and some evidence of the adsorbed protein (c), note the small
arrows. The phase image (right) shows laminin adsorbed on the substrate.
The maximum height scale is 15 nm, the scanned area is 1 X 1 um.
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The copolymer substrates employed in this work are based
on the random combination of ethyl acrylate and hydrox-
yethyl acrylate monomers, which have a vinyl backbone
chain with the -COOCH,CH; and -COOCH,CH,OH side
groups, respectively, on them. Their copolymerization gives
rise to a substrate in which the surface density of -OH groups
can be modulated without modifying any other chemical
structure in the system. The concentration of —OH groups
determines the hydrophilicity of the substrate. The interac-
tion of the protein domains with the chemical functionalities
of the substrate and with water determines the molecule’s
adsorbed conformation. We have scanned the surface of the
materials after immersion in the physiological solution (with-
out laminin), and no effect was found due to the salts present in
the physiological solution.

It is remarkable that the protein tends to spread on the
substrate until it reaches its extended cross-shaped character-
istic profile with three arms for the 50:50 sample (9). From
that composition on, increasing or decreasing the —OH
density in the material results in a less extended conformation
of the protein, that ends in a globular conformation for both
the purely hydrophilic (PHEA) and the purely hydrophobic
(PEA) substrates. Fig. 4 shows the estimated average end-to
end distance, the so-called displacement length, obtained
from measurements on the AFM images as a function of the
molar fraction of -OH groups in the copolymer, Xoy. It ranges
from ~60 nm for the globular conformations of the protein up
to ~115 nm in the extended one, for the 50:50 sample. Even
though the quantitative measurements in the phase magnitude
might not reflect the accurate dimensions of the protein, the
nonmonotonic dependence of the end-to-end distance as a
function of the fraction of —OH groups in the surface of the

TABLE 1 Roughness parameters for the different samples
calculated on 1 x 1 um? before laminin adsorption
Sample Rnax (nm) RMS (nm)

PHEA 24.3 3.1
P(HEA-co-EA) 70/30 8.5 1.5
P(HEA-co-EA) 50/50 10.6 1.1
P(HEA-co-EA) 30/70 17.1 1.5
PEA 6.9 1.2

Root mean-square (RMS) and the difference in height between the highest
and lowest point in the surface (Rax)-
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FIGURE 3 AFM phase images of laminin on the dif-
ferent copolymers at different magnifications. (¢—c) PHEA
homopolymer; (d—f) P(EA-co-HEA) 30:70; (g—i) P(EA-
co-HEA) 50:50; (j~) P(EA-co-HEA) 30:70; and (m—0) PEA
homopolymer. The first column shows 1 X 1 um, the sec-
ond column shows 500 X 500 nm and the third one 200 X
200 nm. The vertical scale is the same for all images.

substrate is evident. In explaining this complex behavior,
several factors should be taken into account that might be
influencing the interaction of specific sites on the laminin
molecule with the polymer molecules: the relative amounts
of the —-CH, and —CH3 hydrophobic groups and of the polar
and more hydrophilic -COO and —OH groups, the number
of water molecules in the substrate (which increases with its
—OH content), and the spacing between those functionalities,
which varies with the amount of absorbed water and thus is a
function of the substrate’s hydrophilicity.

The different conformations of laminin influence dif-
ferently the biological performance of the substrates. The
interaction between laminin domains and the cell membrane
is regulated by several cell receptors (mainly integrins and
nonintegrin binding proteins) (30). Some integrin receptors
recognize specific peptide sequences in the protein, and their

binding is strongly affected by the quantity, distribution, and
spatial orientation on the substrate. Protein density on the
substrate, as well as its conformation, modifies the availability
of the binding sequences to cell receptors and influences the
biological success of the artificial substrate. The copolymer
series investigated in this work has already been used for
in vitro culture of neural progenitors stemming from rat
embryonic brain explants, and the best performance was
found around the composition 50:50 (16). However, when
Schwann cells were cultured on these substrates, better adhe-
sion results were obtained for the more hydrophobic compo-
sitions (EA contents >80%) (31). These results suggest that
the global conformation of the protein on the substrate is not
the only parameter that influences cell adhesion: laminin
shows similar globular conformation of the hydrophilic
PHEA and the hydrophobic PEA, but cell adhesion only

Biophysical Journal 93(1) 202—-207
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FIGURE 4 Fraction of the substrate surface coated with laminin (@) and
average end-to-end distance (O) of the protein as a function of the molar
fraction of —OH groups in the system as calculated from the AFM phase
images. The error bars represent the mean = SD after measuring at least 20
molecules on three different pictures. The line between points is only a guide
to the eye.

takes place on the hydrophobic component. Protein folding on
these two substrates must be following different patterns that
lead to externally similar globulelike protein conformations,
but with differently presented binding domains exposed to
integrins according to in vitro cell response (18,31).

The amount of adsorbed protein has been also estimated
from the AFM phase images. Fig. 4 shows the fraction of the
substrate surface covered by the protein as a function of the
molar fraction of —OH groups in the material. The trend of
the curve can be explained as the superposition of two
independent mechanisms. On the one hand, the number of
adsorbed proteins (per unit surface area) decreases as the
hydrophilicity of the material increases. On the other hand, the
specific area associated to each protein has the nonmonotonic
dependence shown in Fig. 4 for the end-to-end distance. The
curve depicted in Fig. 4 for the fraction of the material surface
covered by the protein shows a maximum at approximately
the same composition, as does the end-to-end distance curve,
but superposed on a monotonically decreasing curve as surface
density of —OH increases. A more thorough study of different
adsorption times and of the adsorption kinetics as a function of
surface chemistry is being performed.

CONCLUSIONS

Surface chemistry-dependent conformations of single lam-
inin molecules were directly observed making use of the
phase signal in tapping mode-AFM. This represents a major
step in the investigation on surface-induced conformations
of proteins since it allows one to observe single protein
molecules on normal surfaces, i.e., in those in which the
surface roughness is in the same order of magnitude as the
protein height.

Biophysical Journal 93(1) 202-207

Rodriguez Hernandez et al.

We made use of this technique to identify different laminin
conformations on a set of copolymers in which the —OH
surface density was modulated without changing any other
chemical group. Protein molecules show globularlike mor-
phology on the hydrophilic PHEA and gradually extend as the
amount of —OH groups on the surface diminishes, up to a point
in which the protein conformation tends again to a more
compact, less extended conformation.
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