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ABSTRACT Using an atomic force microscope and a surface force apparatus, we measured the surface coverage, adhesion,
and mechanical properties of layers of osteopontin (OPN), a phosphoprotein of the human bones, adsorbed on mica. OPN is
believed to connect mineralized collagen fibrils of the bone in a matrix that dissipates energy, reducing the risk of fractures. Atomic
force microscopy normal force measurements showed large adhesion and energy dissipation upon retraction of the tip, which
were due to the breaking of the many OPN-OPN and OPN-mica bonds formed during tip-sample contact. The dissipated energy
increased in the presence of Ca®" ions due to the formation of additional OPN-OPN and OPN-mica salt bridges between negative
charges. The forces measured by surface force apparatus between two macroscopic mica surfaces were mainly repulsive and
became hysteretic only in the presence of Ca®": adsorbed layers underwent an irreversible compaction during compression due
to the formation of long-lived calcium salt bridges. This provides an energy storage mechanism, which is complementary to energy
dissipation and may be equally relevant to bone recovery after yield. The prevalence of one mechanism or the other appears to

depend on the confinement geometry, adsorption protocol, and loading-unloading rates.

INTRODUCTION

Human bone tissue is composed mainly of a network of type I
collagen fibrils (~45% of dry weight) longer than 1 wm,
coated with nanocrystals of a mineral that resembles car-
bonate apatite or hydroxyapatite Ca;o(PO4)s(OH), (~45% of
dry weight) (1). Mineralized collagen fibrils have a typical
diameter of ~100 wm and the average interfibrillar distance
is of a few nm. It has long been recognized that mechanical
properties of bones such as stiffness, hardness, and toughness
derive from this mixed organic-inorganic nanostructure (1—
3). Much less is known about the structure and function of the
nonfibrillar organic fraction of bone (5—10% of dry weight).
Recent studies (2,4—6) indicate that noncollagenous proteins
of the bone matrix, in particular human osteopontin (OPN),
may form an adhesive and connective interface between
mineralized collagen fibers, improving the resistance of bone
to fracture (i.e., toughness).

OPN is a phosphoprotein belonging to the family of small
integrin binding ligand N-linked glycoproteins. It is believed
to be unstructured and flexible with a contour length of ~100
nm (7). The molecular mass is 55 kDa and the primary se-
quence contains 298 amino acids (AA) (Table 1): 25% of
the AA are acidic and ~19% of the AA are predicted to be
posttranslationally modified with negatively charged groups,
in particular, PO3 groups (phosphorylation) (Netphos 2.0
(8)). Basic AA constitute ~15% of the sequence. Therefore,

Submitted April 23, 2008, and accepted for publication June 3, 2008.
Bruno Zappone and Philipp J. Thurner contributed equally to this work.
Address reprint requests to Bruno Zappone, E-mail: zappone@fis.unical.it.
Editor: Jane Clarke.

© 2008 by the Biophysical Society
0006-3495/08/09/2939/12  $2.00

the isoelectric point (IEP) of OPN is low, IEP = 4.6 (9), and
the molecule bears a net negative charge at neutral pH.

The adhesive and cross-linking properties of OPN are
strongly affected by divalent calcium ions (5), which abun-
dantly bind to the protein (10). Bound Ca”* ions can reverse
the charge of the numerous negatively charged sites of the
OPN molecule, which become potential binding sites for salt
bridges with other acidic sites. Atomic force microscopy
(AFM) experiments on layers of OPN adsorbed on mica have
shown that the protein readily binds to this surface and forms a
random network of weak intra- and intermolecular bonds (5).
After binding of the proteins to a nanometric AFM probe
during layer-probe contact, a long-ranged, nonmonotonic
adhesive force is observed upon retraction of the probe from
the surface (Fig. 1).

This force has been attributed to two main factors (11).
First, separating the probe requires the rupture of many intra-
and intermolecular bonds in the network as well as protein-
surface bonds. These bonds are noncovalent and weak (~1
eV bond energy). The strength and range of the adhesive
forces increase in the presence of Ca>" due to the formation of
additional salt bridges. Second, the bonds hide (or protect)
portions of the proteins from the stretching imposed by the
retraction. When bonds break, these portions are released in
the solution, where they freely fluctuate. This creates an at-
tractive entropic force, which resists the conformational re-
striction imposed by the stretching (11). When the external
stress on the network is released, the network relaxes and
some of the broken bonds can reform. By this mechanism,
OPN is able to repeatedly dissipate large amounts of energy
without creating macroscopic fractures in the network or gaps
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TABLE 1 AA composition of human OPN containing
298 AA (7) and predicted posttranslational modifications
(Netphos 2.0 (8), NetClyc 1.0 (32), NetOGlyc 3.1 (33),
NetNGlyc 1.0 (34), NetGlycate 1.0 (35), and Sulfinator (39))

AA Percentage
Acid (D, E) 25
Basic (K, R, H) 15
Polar (N, Q, S, Y) 25
Hydrophobic (F, I, L, M, V, W) 18
Cysteine 0
Presumably modified: —
Phosphorylated* 13
Glycosylated* 5
Sulphated* 0.7

*The actual number of posttranslationally modified AA is not known.

between the surfaces (5). These adhesive and network-
forming properties of OPN may be representative of a general
mechanism acting at the nanoscale to improve the toughness
and self-repairing capability of bone matrix.

In this work, we used AFM force spectroscopy and the
surface force apparatus (SFA) to study layers of OPN ad-
sorbed on negatively charged mica surfaces. Our goal was to
investigate the effect of calcium ions on a), the adsorption of
OPN, which is negatively charged, on equally charged sur-
faces; b), the adhesion between two surfaces coated with OPN
layers; and c), the mechanical response of the adsorbed layers
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FIGURE 1 Typical force, F, obtained as a function of the scanner exten-

sion, AM, from AFM force spectroscopy measurements on mica surfaces
bearing adsorbed OPN layers. In this example, the protein was adsorbed from
a solution of 1:1 electrolyte inside the SFA then rinsed and studied in Ca**
with the AFM. The vertical axis to the right shows the force F/R normalized by
radius of curvature, R =~ 30 nm, of the Au-coated AFM tip. Notice the strong,
long-ranged, and discontinuous attractive force measured upon retraction of
the surfaces, which is due to the stretching of protein segments and the rupture
of sacrificial bonds inside a protein network connecting the AFM tip to the
surface. The figure also elucidates the parameters extracted from the force
curve.
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to repeated loading/unloading cycles. In the presence of cal-
cium ions, OPN layers are plastically deformed during a
compression/decompression cycle, likely due to the creation
of numerous Ca® " -mediated salt bridges during confinement.
Only a fraction of these bonds is broken upon complete sep-
aration of the surfaces and most salt bridges appear to be
permanent at the timescale of our experiment. Moreover, we
have found that in general two OPN layers do not necessarily
adhere to each other. As observed for other adhesive proteins
(12), a strong adhesion is observed only when the OPN is
allowed to adsorb simultaneously on two surfaces that are
already in contact. These results provide more specific details
about the proposed role of OPN as an adhesive in bone.

MATERIALS AND METHODS

OPN solutions, adsorption protocols,
and buffers

Recombinant human OPN was prepared as described in Fedarko et al. (13).
In a first set of AFM experiments, lyophilized OPN was dissolved at a
concentration of 2 mg/ml in high performance liquid chromatography
(HPLC)-grade purified water containing 0.02 M NaOH (pH = 12). OPN
layers adsorbed from this solution were rinsed in one of the following buffers
i), 150 mM NaCl, 10 mM HEPES, pH = 7.4; ii), 40 mM CaCl,, 110 mM
NaCl, 10 mM HEPES, pH = 7.4; or iii), 250 mM EDTA, a chelating agent
for Ca*>" ions (pH = 8). In the following, we refer to solutions (i), (ii), and
(iii), respectively, as NaCl, pure Ca2+, and EDTA buffer (see also Table 2).

For SFA experiments, lyophilized OPN from the same purification batch
was dissolved at a concentration of 0.2 mg/ml in HPLC-grade water con-
taining 20 mM NaOH (pH = 12). This solution was stored in aliquots of ~50
wul at —18°C for <60 days before use. For the SFA experiments, a 25 ul
droplet of this solution was inserted by capillarity between two cleaved ruby
muscovite mica surfaces (S&J Trading, Glen Oaks, NY) and immediately
supplemented with an equal volume of different buffers. The final solutions
contained 0.1 mg/ml OPN dissolved in one of the following buffers: a), 10
mM NaOH; or b), 10 mM NaOH, 55 mM NaCl, 20 mM CaCl,, 5 mM Tris.
Both solutions had pH = 12. Adsorption proceeded in the sealed SFA box at
25°C for 1-2 h, during which the surfaces were either well separated at a
large distance (>10 pwm) or left undisturbed at adhesive mica-mica contact.
After a first set of SFA measurements, the OPN-coated surfaces were rinsed
in pure (OPN-free) electrolyte buffer containing c), 110 mM NaCl, 40 mM
CaCl,, and 10 mM TRIS at pH = 7.4. In the following, we will refer to
solutions (), (b), and (¢), respectively, as OPN/NaOH, OPN/Ca*", and pure
Ca>" solution (see also Table 2).

TABLE 2 Measured parameters for OPN layers adsorbed on
mica and studied in different buffers

Bulk solution r (mg/mz) T, mm) A (mN/m) d (nm)
OPN/NaOH* 24+ 13 20 20 5
Rinsed with Ca>*-buffer’ 3.4 + 12 3040 306 22
Asymmetric in Ca?*-buffer’ 37 %15 15220 65 1.6
OPN/Ca>** 7.7 £12 3045 171-502 4.5-84
Asymmetric in Ca®*-buffer’ 9+2 50-60 — —

I', surface coverage; T, uncompressed thickness; and A and d, parameters
of the fit to the normalized force: F/R = Aexp(—D/d).

*0.1 mg/ml OPN, pH ~ 12.

TTris buffer (10 mmol), NaCl (110 mmol), and CaCl, (40 mmol), pH =~ 7.
*0.1 mg/ml OPN in Tris buffer (5 mmol), NaCl (55 mmol), and CaCl, (20
mmol), pH ~ 12.
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After completing the SFA experiments, the mica surfaces coated with
OPN from OPN/NaOH solution and rinsed in pure Ca>" buffer were further
studied by AFM in NaCl, pure Ca2+, and EDTA buffers.

Surface force apparatus

The surface coverage, I', of OPN adsorbed on cleaved muscovite mica
surfaces and the normal forces, F, between two such surfaces were measured
using a surface forces apparatus (SFA, model SFA3), described in detail
in Israelachvili and McGuiggan (14). Two back-silvered mica sheets were
glued onto half-cylindrical glass lenses with a radius R ~ 2 cm using
ultraviolet-curable polyurethane glue (NOA61 from Norland, Cranbury,
NJ). The lenses were assembled in the SFA with the mica surfaces facing one
another in a crossed-cylinder geometry. Around the point of closest approach
(contact position), this geometry can be approximated to a sphere of radius R
facing a flat surface (see inset of Fig. 3 a). The mica-mica separation distance,
D, at the contact position was determined with subnanometer resolution by
measuring the discrete set of interference fringes of equal chromatic order
(FECO) selectively transmitted through the semireflecting silvered mica
sheets (15). The position D = 0 was determined from the FECO fringes
measured at mica-mica contact in dry air. A droplet of OPN solution was then
inserted between the mica surfaces by capillarity.

To measure the normal force, F, acting between the two surfaces (see Fig.
3 a, inset), the lower surface was attached to a horizontal double cantilever
spring of stiffness K = 600 N/m, which was displaced vertically toward or
away from the upper surface with a motor-driven micrometer. As the surfaces
were approached or retracted, the presence of an attractive or repulsive force
caused the distance D to deviate from the values expected from a calibration
of D versus the motor movement, which was made at distances >10 um
where F = 0. This deviation was due to the vertical deflection of the spring,
which is proportional to F. A force curve was obtained by measuring F as a
function of D upon approach then retraction of the surfaces while moving the
lower surface by small steps. After each step, we waited and observed the
FECO fringes to ascertain that the movement had stopped completely before
measuring D to obtain an equilibrium (static) value of F. A typical SFA force
run (approach or retraction) covered a mica-mica distance of ~200 nm in 10—
15 min. In view of Derjaguin approximation (16), the force ' was normalized
by the radius of curvature, R, determined for each experiment from the
curved shape of the FECO fringes.

To determine the protein surface coverage, I', for each distance, D, we
measured the combined refractive index, n, of the adsorbed protein layer and
the bulk solution between the mica surfaces at the contact position. For a
protein concentration, C, the refractive index is given by

n=n, +Cdn/dC, (1

where dn/dC = 0.182 cm®/g is a typical value for proteins in electrolyte
buffers of refractive index n,, = 1.33 (water) (17,18). For the small bulk
concentration of OPN used in the SFA experiments, Cp,x = 0.1 mg/ml, a
measurable increase of n from n,, was observed only for small values of D
(see Fig. 3 a), when the volume fraction of proteins between the surfaces
significantly increased due the presence of adsorbed OPN layers. In this case,
the concentration of adsorbed molecules in the confinement was C = pI'/D,
where p = 1 or 2 depending on whether one or both surfaces were coated by
OPN. Therefore, we determined I" (in mg/mmz) from a fit of the n(D) curve to
the following formula (19,20):

n(D) = n, +p(l'/D)dn/dC. ()

The normal force curves, F(D), and refractive index curves, n(D), were
measured simultaneously. An example measurement is shown in Fig. 3 a.

For each contact position, we typically measured 2—3 force curves before
moving to another contact position. On average 2-3 different contact posi-
tions were studied before changing the conditions of the experiment (surfaces
or intervening medium). This typically took 1 day. To prevent evaporation of
protein solutions during the experiments, the surfaces were sealed in a
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stainless steel box that contained a reservoir of water (not in direct contact
with the surfaces). All experiments were carried out at a temperature of 25°C.

AFM force spectroscopy

We conducted two series of AFM force measurements on the same batch of
OPN proteins. In the first series, we used a solution of 2 mg/ml OPN and 20
mM NaOH in purified water (pH = 12), as described above. A 4 ul droplet of
solution was deposited on a freshly cleaved mica surface for ~5 min, dried
with N,, and rehydrated in NaCl, pure Ca2+, and EDTA buffers (see Fig. 2).
In the second series, we used mica surfaces that had been previously coated
from NaOH solution inside the SFA and used for a complete set of SFA
measurements. The sample was kept hydrated with HPLC-grade water while
mounting it onto the AFM scanner and, finally, completely immersed in
pure-Ca* buffer. The AFM used for force spectroscopy measurements was
a MultiMode system equipped with a PicoForce scanner, a Nanoscope IV
controller, and a cell for measuring in liquids (Veeco, Santa Barbara, CA).
We used a Biolever cantilever (model OBL-105, Olympus, Tokyo, Japan)
bearing an Au-coated silicon tip with a final radius of curvature of R ~ 30 nm
(Fig. 1, inset). The nominal cantilever stiffness was K = 0.026 N/m.

The AFM piezoelectric scanner was periodically moved in the vertical
direction toward (approach) and away from (retraction) the AFM tip at a
uniform speed of 900 nm/s. The scanner movement was reversed from ap-
proach to retraction when the tip-sample repulsive force exceeded a preload
value of the force F}, = 500 pN, after a dwell time of 5 s (Fig. 1). This
corresponded to F/R ~ 17 mN/m. The force always dropped to zero after
completely separating the surface at a tip-sample distance larger than 1.5 um
(Fig. 1). We waited in this position for 5 s before starting a new approach/
retraction cycle. For each mica surface, we considered an average of 25
positions on the surface and, for each position, an average of four force
measurements.

RESULTS AND ANALYSIS
AFM force measurements

Fig. 1 shows an example AFM force curve obtained for a layer
of OPN adsorbed on mica. The force, F, is plotted as a func-
tion of the AFM scanner movement, AM. Upon approach,
the force became measurable at small tip-sample distances,
where we observed a small attractive jump-to-contact with a
jump-in distance of a few tens of nanometers. This was fol-
lowed by a repulsive force (F > 0) that increased almost
linearly when the distance was decreased and which was due
to the compression and indentation of the AFM tip into the
protein layer. The force measured during retraction of the
scanner was very different from the one measured during
approach. F became attractive (F < 0) at some value M, of
the scanner position and remained attractive up to a certain
position, M, > M, where it ultimately dropped to zero. We
call pulling length the quantity L = M, — M, (Fig. 1).
Upon retraction, the attractive force decayed through a
series of frequent, sharp discontinuities, passing through a
maximum adhesion force F,,. This behavior was reproduced
on successive approach/retraction cycles. The large hysteresis
observed during an approach/retraction cycle is due to energy
dissipation. We define the irreversible work done by the ex-
ternal force, F, during the ith cycle as W; = ¢F (D)dD, where
dD is the tip-sample displacement. In Fig. 1, W; is approxi-
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FIGURE 2 Summary of the AFM force spectroscopy results obtained after adsorption from 0.1-0.2 mg/ml solution of OPN/NaOH (pH = 12) on mica after
two different adsorption procedures. The force measurements were carried out at pH = 7.4 after rinsing in OPN-free NaCl, CaCl,, or EDTA buffers in the order
specified in each panel. The values of the maximum pulling length, L, maximum adhesive force, F,,, and dissipated energy, W, have been averaged over ~100
force measurements. The error bars represent the standard error of the mean. Notice that W, F,,, and, less consistently, L increased when Ca®" ions were present
and decreased after chelating Ca®* with EDTA. (a) Adsorption from a 4 ul droplet, which completely dried on the surface and was briefly rehydrated with
purified water before the AFM measurements. (b) Adsorption inside the SFA box followed by a series of SFA force measurements (see Figs. 3 and 4) before
AFM experiments. The surfaces were completely immersed in the OPN solution during adsorption and never dehydrated.

mately equal to the area between the approach and retraction
parts of the force curve. In AFM force measurements, W,
randomly fluctuates around an average value, W, and the
average value of the force during a cycle, f, was negative. Fig.
2 summarizes the values of L, F,,, and W, obtained for two
different adsorption procedures. The results of Fig. 2 a were
obtained from surfaces prepared directly for AFM measure-
ments (dried droplet method), whereas Fig. 2 b was obtained
from SFA samples. The samples were rinsed in a sequence of
different buffers in the order specified in Fig. 2. The results
obtained after each step were averaged over ~100 force
measurements.

For OPN layers prepared with the dried droplet method,
the value of L averaged over many pulls was larger than the
contour length, /. ~ 100 nm (7), of the OPN molecule, es-
pecially in the presence of calcium ions (Fig. 2 a). For OPN
layers adsorbed inside the SFA, the average value was L <,
regardless of the presence of calcium ions (Fig. 2 b). How-
ever, for both adsorption methods, a certain number of pulls
showed a value of L exceeding /. up to four times. Clearly,
proteins cross-linked in a network which adhered to the AFM
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tip and connected it to the mica surface. Proteins were
stretched and bonds were broken upon retraction, generating
the observed sequence of discontinuous force jumps (2,5,11).
The averaged value of the energy W always increased when
Ca’" ions were present in the solution and decreased after
chelating Ca™? with EDTA, regardless of the adsorption
conditions or the previous use of the surface in SFA exper-
iments. L and F,,x followed the same trend as W, although
the results were less consistent.

The values of L, F,,, and W were about one order of
magnitude higher for the AFM samples (dried droplet; Fig.
2 a) than for the SFA samples (Fig. 2 b). The SFA samples
also showed a lesser repeatability of the force curves. Most
likely, these differences were due to a higher surface cover-
age after adsorption from a drying droplet than after ad-
sorption from bulk solution.

SFA force and surface coverage measurements

Fig. 3 a shows an example of a refractive index curve,
measured after adsorption from OPN/NaOH solution for 1 h.
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FIGURE 3 (a) Refractive index, n, as a function of the mica-mica distance, D, after adsorption from OPN/NaOH solution. Symbols (@/O), (/0J), and (A /A)
represent, respectively, the first, second, and third force runs at the same contact position. Solid/open symbols represent, respectively, approach and retraction
of the surfaces. The solid line is a fit to Eq. 2 with p = 2 and a surface coverage I' = 2.4 mg/m? (see also Table 2). The upper and lower dotted lines, cor-
responding respectively to surface coverage of 1.1 mg/m? and 3.7 mg/m?, show the error on I due to the experimental error on n. (Insef) Geometry of the SFA
experiment. R is the radius of curvature at the contact position and F' is the normal force. (b) Semilog plot of the normalized force, F/R, as a function of D. (Inset)
Linear plot for a larger scale. The force becomes measurable above the noise level of ~0.1 mN/m at a distance D < 2T = 40 nm. The solid line in the main panel is
an exponential fit, F/R = Ae’D/d, for D < 20 nm with A = 20 mN/m and d = 5.0 nm.

The refractive index, n, is plotted as a function of the mica-
mica separation, D. The surfaces were approached then re-
tracted three times at the same contact position, leaving them
in contact from 1 to 30 min and well separated for 30 min to
1 h between consecutive contacts. The n(D) curve was re-
produced upon consecutive approach/retraction cycles indi-
cating that 1), the surface coverage had reached equilibrium
before the beginning of the measurements, and 2), the ad-
sorbed layers were not squeezed out from the contact during
compression (which would give a flat n(D) curve (21)). The
same behavior was observed in all SFA experiments. Table
1 is a summary of the surface coverage, I', measured in each
experiment. We noticed that when the mica surfaces were
kept in direct contact during adsorption from OPN/Ca”*, the
surface coverage in the mica-mica contact area was below the
detection limit, I' < 1 mg/m?. The surface coverage remained
undetectable even after keeping the surfaces well separated in
OPN/Ca”* solution for more than 30 min, indicating that no
further adsorption occurred.

Adsorption from OPN/NaOH solution

After adsorption from OPN/NaOH solution, the surface
coverage was I' = (2.4 = 1.3) mg/m2 (Fig. 3 a@ and Table 1).
Fig. 3 b shows the normal forces, F, normalized by the radius
of curvature R of the crossed SFA cylinders, corresponding to
the refractive index curve of Fig. 3 a. The force was repro-
ducible and repulsive, without any indication of adhesion or
hysteresis during an approach/retraction cycle, regardless of
the maximum compression force applied or the dwelling time
in contact. The range of the repulsion, defined as the maxi-
mum distance at which the force raises above the noise level
of ~0.1 mN/m, was 2T = 40 nm. This value is much longer
than the value of the Debye length, 1/k ~ 3 nm, expected for

the electrostatic double-layer repulsion between two nega-
tively charged surfaces interacting across the NaOH solution
(16). Therefore, the repulsive force was due to the partial
overlap and deformation of the adsorbed OPN layers for
distances D < 2T. Since the two mica surfaces are equally
coated by OPN, we conclude that T ~ 20 nm is the thickness
of one adsorbed OPN layer (see also Table 2). For distances
D < 20 nm, the repulsion was almost exponential, F/R =
Aexp(—D/d) (Fig. 3 b), with a decay length d = 5.5 nm and
amplitude A = 20 mN/m (Table 2). The force decayed less
rapidly for larger distances.

Rinsing with Ca®" buffer

After rinsing the surfaces with pure Ca®>" buffer inside the
SFA without changing the contact position, the surface
coverage increased to I' = (3.4 * 1.2) mg/m?, which is
~42% higher than the value measured in OPN/NaOH solu-
tion before rinsing (Table 2). Also the range of the repulsion
measured upon the first approach was increased by ~50% to
2T, ~ 60 nm (Fig. 4, a and b, and Table 2). Since the Ca>*
buffer had a higher ionic strength (total concentration of
counterions) than the OPN/NaOH solution and a shorter
Debye length 1/k < 3 nm (16), the increase of the repulsive
range can be due only to an increased thickness of the ad-
sorbed OPN layers. The larger values of T and I measured
after rinsing clearly indicate that new OPN molecules were
added to the layers due to Ca**-activated bonds.

The force curve showed a large hysteresis during an ap-
proach/retraction cycle. The average value of the force dur-
ing a cycle, f, was positive. The irreversible work, W; =
$F(D)dD, done by the external forces during the ith cycle
(Fig. 4 b) decreased with the number of successive approach-
retraction cycles done at the same contact location. W; was

Biophysical Journal 95(6) 2939-2950
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large when the maximum force (preload), F',, reached a high
value during loading. For example, the value of W, obtained
for F,/R < 1 mN/m in Fig. 4 b (circles and dots) was smaller
than the value of W, obtained for F/R > 10 mN/m (Fig. 4 b,
squares). The hysteresis rapidly decreased with the number of
cycles, so that the total work done, Wiy, = ZWi, tended to a
finite value. The range of the repulsion was also rapidly re-
duced after a few cycles with high F, and tended to a value
2T =~ 20 nm, less than half the initial value 27;. The force
became approximately exponential for D < 20 nm: F/R =
Ae~P/d (Fig. 4 b). The decay length, d = 2.2 nm, was smaller
than before rinsing, but the amplitude A = 306 mN/m was much
larger (Table 2). A weak adhesive force with —F/R < 1 mN/m
was also observed for this contact position. The attractive re-
gion extended from D,, =~ 12 nm to a distance of ~23 nm,
where a jump-out was observed toward a region of zero force.

We obtained similar results at different contact positions
(Fig. 4 ¢) where surfaces had never been in contact before.
The repulsion measured upon the first approach was always
in the range 2T, = 60-80 nm and reduced to 27 = 30-40 nm
after a few cycles with high preload. However, the force did
not always tend to a simple exponential at short distances,
and the weak adhesive minimum was not detected at each
contact position (Fig. 4 ¢). This nonreproducibility is con-
firmed by later AFM measurements on the same surfaces
(Fig. 2 b) and indicates a heterogeneity of the OPN layers
after rinsing with Ca”>* buffer.
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We obtained an asymmetric OPN/mica contact by re-
placing one of the surfaces with a bare (uncoated) mica
surface (Fig. 4 d). The surface coverage I' was about half the
value measured for two symmetrically coated mica surfaces
(Table 2). The normal forces were again purely repulsive,
with an initial repulsion range 77 = 15-20 nm, equal to the
thickness of one layer. We notice that 27} ~ 30-40 nm is
smaller than the value of 30-40 nm measured for one layer in
the symmetrical case, possibly due to previous accidental
contact at the same position. The range of the repulsion after a
few cycles reduced to T ~ 10 nm. We notice again that the
value of W; measured during cycles with low preload F,/R <
1 mN/m (Fig. 4 d, dots) was much smaller than the value
measured upon the second cycle (Fig. 4 d, squares). The final
force was roughly exponential for D < 10 nm, with a decay
length d = 1.6 nm and an amplitude A = 65 mN/m (Fig. 4 d)
(Table 2).

Adsorption from OPN/Ca?" solution

After adsorption from OPN/Ca”* solution, the surface cov-
erage was I' &~ (7.7 + 1.2) mg/m?, which is ~3 times higher
than the value measured after adsorption from OPN/NaOH
solution (before rinsing) (Table 2). The force curves, F(D),
were purely repulsive and showed a large hysteresis (Fig. 5, a
and b), which was similar to the one described for an OPN
layer adsorbed from OPN/NaOH solution and rinsed in Ca**
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FIGURE 5 Normalized force, F/R, as
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buffer (Fig. 4, a—c). Again, the total irreversible work, Wi,
done by the external forces rapidly tended to a finite value
after a few approach/retraction cycles with high preload. The
initial range of the repulsion was 27 ~ 60-90 nm and reduced
by ~30% to a final value of 2T =~ 40-60 nm (~30%). The force
became approximately exponential for D < 40 nm, F/R =
Ae P/ with a decay length d = 4.5-8.4 nm and an amplitude
A = 170-501 mN/m (Table 2). Both values were larger than
those measured after adsorption from OPN/NaOH before
rinsing. We noticed that the values of d and A showed a large
dispersion, indicating a nonuniformity of the adsorbed layers.

In the asymmetric configuration (Fig. 5, ¢ and d), I re-
mained comparable to the value measured before rinsing
(Table 2), indicating that there was no significant desorption.
The force measured upon the first approach was purely re-
pulsive, with a range T ~ 50—60 nm. The range of the re-
pulsion was reduced by ~78% after a few cycles and the final
value was T =~ 15 nm (Fig. 5 ¢), which is about half the final
value measured for symmetrically coated surfaces (Fig. 5, a
and D). After a few approach/retraction cycles, we consis-
tently observed a small attractive force upon retraction,
reaching a maximum adhesion force F,,/R = 0.3—1 mN/m
(Fig. 5, ¢ and d). The attraction started at a distance D, =
20-30 nm and was measurable over a range Lgga = 10-20
nm (Fig. 5 ¢). Lsg appeared to decrease after a few approach/
retraction cycles (Fig. 5 d). A very weak attraction was also
observed during approach and is visible in Fig. 5, cand d, as a
negative background for the repulsion at a distance between

Ca* buffer

O =P 50
Distance, D (nm)

is an exponential fit, F/R = Ae P/4, for
D < 30 nm with A = 502 mN/m and
d =4.5nm. (b) A new contact position,
where A = 171 mN/m and d = 8.4 nm.
(c) Force measured after rinsing the sur-
faces in Ca*" buffer (pH = 7.4) and
replacing one surface with a bare (un-
coated) mica surface. The dashed line
represent the data of Fig. 4 d. (d) A new
contact position. The solid line represent
the last retraction of ¢. The arrows for
F < 0 in ¢ and d indicate jumps-out
from adhesive minima.
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50 nm and 100 nm, possibly leading to a jump-to-contact
from 50 nm to D =~ D,,;,. We notice that the asymmetrical
configuration and the Ca®" buffer considered here are
the same as considered in Fig. 4 d, where the protein was
first adsorbed from OPN/NaOH solution then rinsed in
Ca®" buffer. However, in the latter case no adhesion was
observed.

The importance of adsorption conditions in determining
adhesion is further evidenced in Fig. 6, where proteins were
adsorbed from OPN/Ca>" solution as for Fig. 5 but on mica
surfaces that were kept in contact (D = 0) during adsorption.
First, we measured the adhesion between the bare mica sur-
faces in pure Ca®" buffer (before introducing the OPN so-
lution), which was F/R = —45mN/m. Then, we added a
droplet of protein solution while keeping the mica surfaces in
contact (Fig. 6). The adhesion measured during the first re-
traction after 2 h of adsorption was F/R ~ —220mN/m,
significantly stronger than between bare mica surfaces and
one order of magnitude higher than typical values measured
in the AFM experiments in the presence of Ca®>" (Fig. 1 and
(5)). The adhesion rapidly decreased after the first retraction
in OPN/Ca>" solution. During retraction, the distance did not
significantly deviate from D,, until the surfaces separated
with a single, rapid jump-out from D,, to a distance larger
than the contour length, /. =~ 100 nm, of the OPN molecule.
After 12 h of repeated approaches and retractions, the force
became purely repulsive with a range not exceeding a few
nanometers.
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FIGURE 6 Normalized force, F/R, as a function of the distance D
between two mica surfaces that were held in contact during adsorption
from OPN/Ca* solution. Solid/open symbols indicate approach/retraction
of the surfaces. Symbols (O) represent the first retraction, and symbols (®/
0), (A/A), and (¢ /<) represent, respectively, the second, fifth and seventh
approach/retraction cycles, which followed the first retraction by 30 min,
2 h, and 16 h. Symbols X/+: forces measured upon approach/retraction in
pure Ca>* between uncoated mica surfaces before injecting any OPN
solution. The surfaces adhere upon retraction until they suddenly jump apart
to separations D > 200 nm from the points indicated by the arrows. (Inset)
(a) Proteins adsorb at the edge of the mica-mica contact region; (b) protein
bridges at the edge of this region are stretched; and (c) broken during the first
retraction whereas mica surfaces remain in contact; (d) incomplete adsorp-
tion in the contact area after mica-mica separation; (e) flattening during
second approachy; (f) protein remains flattened after the surfaces are separated
again.

DISCUSSION
Solutions of 1:1 electrolytes

At the neutral and basic pH of our experiments, OPN bears
a net negative charge (IEP = 4.6; (9)) due to its numerous
negatively charged residues (Table 1). Mica is also nega-
tively charged due to the dissociation of K™ ions from the
surface in water (22). Although the overall OPN-mica elec-
trostatic interaction is repulsive, OPN adsorbs on mica from
OPN/NaOH solution, forming a layer with a thickness T ~
20 nm (Table 2 and Fig. 3 b) and a surface coverage I' = 2.4
mg/m? (Table 2) corresponding to an average lateral distance
s = My /NAD"? = 6 nm. Adsorption of charged proteins
(23-26) and polymers (27) on equally charged surfaces has been
previously reported and is driven by a combination of factors.

First, OPN is an unstructured protein (7), and it is flexible.
If it was uncharged, it would form random coils in solution
with a radius of gyration given by Flory’s formula (28): Gy ~
aN*” ~10 nm, where N = 298 is the number of AA and a =
0.4 nm is the average distance between neighboring AA. The
electrostatic repulsion between negatively charged AA be-
longing to the same protein tends to stiffen the molecule and
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swell the coil to a diameter 2G > 2G,. However, this effect is
partially balanced by the presence of counterions in our so-
lutions (Table 2), which can neutralize the negative charges
and reduce the Debye length to a few nanometers (16). Since
SFA experiments show that s is smaller than both T and 2G,
we conclude that in our solution OPN is rather flexible and
deforms considerably on the surface in response to interac-
tions with the surface and with other proteins. We notice that
both s and 2G are smaller than the protein contour length /. =
aN ~ 100 nm (7).

Second, OPN is amphoteric and contains positively
charged residues and uncharged polar AA with high affinity
for the negatively charged and polar sites on the mica surface.
At the relative concentration log;o([Na*]/[H"]) > 5 of our
OPN/NaOH solution, most of the negatively charged lattice
sites of the mica surface are neutralized by Na™ (29) and the
overall OPN-mica repulsion is weak and short ranged. Bind-
ing of surface-active AA is strong enough to immobilize the
protein despite the repulsive background. This mechanism—
also known as electrostatic complementarity (30)—is effective
for deformable proteins with mobile AA: isolated residues can
be anchored on the surface, whereas nonbinding residue can be
repelled or left free in the solution. The OPN layers adsorbed
from OPN/NaOH solution preferentially expose negatively
charged residues at the free surface of the layer, which repel
equally charged residues belonging to an opposite surface. The
force F between two OPN layers is therefore repulsive. F be-
comes approximately exponential at sufficiently small values
of the mica-mica distance (D < 20 nm, Fig. 3 b). This behavior
is frequently observed for flexible, charged biopolymers on
equally charged surfaces (24-26) and is generally attributed to
electroentropic interactions (see Leckband and Israelachvili
(30) and Claesson et al. (31) for reviews). These are due to
the combination of protein-protein, intraprotein, and surface-
protein electrostatic repulsion between equally charged sites
and entropic-osmotic forces, which arises when the mole-
cules are confined in a geometry restricting their conforma-
tional freedom.

Third, the overall OPN-OPN electrostatic interaction is
always repulsive, but its strength and range are reduced in the
presence of counterions. This results in a higher density of
coadsorption and also allows isolated cross-links to effec-
tively stabilize aggregates against the background repulsion.
This effect was observed in AFM force measurements on
OPN layers adsorbed with the dried droplet method (Fig. 2 a,
first row) before contact with Ca>* ions. The average value of
L was twice as long as the contour length /. of a single OPN
molecule. We also notice that the concentration, p, of pro-
teins in the adsorbed layers was orders of magnitude higher
than the concentration in solution. For example, OPN layers
adsorbed in the SFA from OPN/NaOH solution showed a
relatively small surface coverage, I" (Table 2), and layer
thickness, T (Fig. 3 b), and yet the concentration inside the
adsorbed layer was p = I'/T &~ 120 mg/ml. This is three orders
of magnitude larger than the concentration C = 0.1 mg/ml of
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the bulk solution. After the adsorption procedure used in the
AFM experiments of Fig. 2 a (drying droplet method), p is
expected to be even higher than the value calculated above.
This high value of p dramatically increases the density of
binding pairs and the probability of cross-linking inside the
layer. On the other hand, it is likely that cross-links form at
low rates and/or densities between two OPN layers that are
compressed on each other during an SFA measurement, as no
adhesion could be detected upon retraction in these mea-
surements (Fig. 3 b).

Although the precise nature of OPN cross-links in the
absence of calcium is not clear, we may speculate that bonds
are formed between oppositely charged residues or between
hydrophobic AA. Moreover, molecules can be physically
entangled inside the layer without being bound to each other,
especially after adsorption with the dried droplet method
used for the AFM samples.

Effect of divalent counterions: energy storage
and dissipation

Ca’" ions can bind to and reverse the sign of negative
charges on the mica surface and OPN molecules. Mica is
negatively charged in CaCl, solutions up to a concentration
of 100 mM (31). For the lower CaCl, concentrations of our
solutions (Table 2), where Ca®" had to bind to mica in
competition with monovalent counterions, mica is expected
to retain a net negative charge. OPN has a significant cal-
cium-binding potential due to the high level of phosphoryl-
ation. In a solution containing 5 mM CaCl, and 150 mM
NaCl at pH > IEP, ~50 AA can be charge-reversed (10),
corresponding to ~38% of the predicted number of nega-
tively charged residues (Netphos 2.0 (8), NetClyc 1.0 (32),
NetOGlyc 3.1 (33), NetNGlyc 1.0 (R. Gupta, E. Jung, and S.
Brunak, unpublished), and NetGlycate 1.0 (35)). We expect
more Ca®" ions to be bound to OPN in our solutions, where
the concentrations of CaCl, were, respectively, four and eight
times higher than in Chen et al. (10) (Table 2).

Binding of Ca®" reduced the overall electrostatic OPN-
OPN and OPN-mica repulsion, so that isolated bonds and salt
bridges were more effective in cross-linking and binding
the proteins to the surface. The surface coverage, I', and the
thickness of an uncompressed layer, T, were higher than
the values measured in the absence of Ca®" (Table 2). The
increase was particularly informative when OPN layers ad-
sorbed from and immersed in a basic solution of 1:1 elec-
trolytes (Fig. 3) were rinsed with OPN-free Ca>" buffer (Fig.
4, a—c). In this case, we expected the surface coverage to
remain constant or decrease because the dilution of the bulk
protein concentration and the shearing action of the buffer
flow usually remove molecules from the adsorbed layer.
However, Ca’" activated new salt bridges between nega-
tively charged sites and these bonds were numerous and
strong enough to immobilize more proteins on the surface
against the very flow that supplies the Ca®" ions.
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Calcium-mediated bonds were created and broken under
the effect of an externally applied stress in such a way that the
OPN layers behaved inelastically. Both AFM and SFA force
measurements showed an increased hysteresis during an
approach/retraction cycle in the presence of Ca>* ions. In
AFM experiments, the average force, f, in a cycle is negative
(Fig. 1), and the irreversible work done fluctuates around a
constant average, W, as the number of cycles increases (Fig.
2). This behavior is consistent with an energy dissipation
mechanism (5,11) that begins when a few proteins bind to the
AFM probe during contact with the adsorbed OPN layer.
Upon retraction of the probe, these proteins are directly
stretched, but they also indirectly stretch other adsorbed
proteins or portions of proteins to which they may be at-
tached. The stretching is resisted by an entropic force, re-
sulting in the long-ranged, discontinuous, large adhesion
observed in AFM force measurements (Fig. 1). Discontinu-
ities in the adhesive force are interpreted as rupture events
occurring when intraprotein, protein-protein, or surface-
protein bonds are broken under the effect of excessive
stretching. The rupture of these sacrificial bonds redistributes
the force onto other parts of the network which were previ-
ously hidden by the sacrificial bond. The subsequent
stretching against the entropic elasticity of this hidden length
makes the largest part of the energy, W, dissipated in a cycle
(11). The increase of W in the presence of Ca’” is due to the
creation of additional Ca®"-mediated bonds which shield
more hidden length, whereas the reduction of W after che-
lation with EDTA (Fig. 2) is due to the removal of these
bonds. Notice that this mechanism is based on cross-layer
bonds formed between proteins of the OPN layer and the
opposing surface, as opposed to intralayer bonds formed
between proteins belonging to the same layer or between
these proteins and the underlying mica surface. In fact, cross-
layer bonds create adhesion (f < 0) when stretched and must
all be broken to completely separate the surfaces. Upon
successive contacts, they can be reformed to obtain similar
adhesion and energy dissipation, W.

In SFA experiments (Figs. 4 and 5), the work W; done in a
cycle progressively decreases as the number of cycles at the
same contact location increases. After a few cycles, the total
work, Wi = ZWi, tends to a finite value. Adhesion is never
observed upon the first retraction, and the average force, f; in
a cycle is always positive. We interpret this behavior as an
energy storage mechanism in which a maximum amount of
energy, Wiy, can be stored in the adsorbed layer(s) upon
compression. The fact that W is measurable only in the
presence of Ca®" indicates that the energy is stored in the
form of long-lived Ca®"-mediated bonds, which are created
during compression due to the increased density of binding
pairs. These bonds are mainly of the intralayer type and cause
a compaction of the OPN layer. Cross-layer bonds are too
weak or too few to generate a net adhesion or to break the
intralayer bonds during retraction. As a result, the number of
intralayer bonds rapidly reaches saturation, and the storage
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mechanism stalls. Preliminary SFA force measurement be-
tween OPN-coated and gold-coated mica surfaces showed no
significant deviation from this behavior, suggesting that the
surface chemistry of the Au-coated AFM tip does not favor
the adhesion of OPN and the creation of cross-layer bonds.
The energy dissipation mechanism via rupture of Ca®"-
mediated bonds observed by AFM has been proposed to
explain the great toughness of bone, where a network of
noncollagenous proteins including OPN is believed to reduce
the creation and propagation of macroscopic fractures be-
tween bundles of mineralized collagen fibrils (2,4,6). The
complementary energy storage mechanism that we observed
by SFA may be equally important in real bones. Bond ref-
ormation upon compression of the noncollagenous protein
matrix may help recover the fracture toughness after a pro-
longed tensile stress. We point out that the hysteresis and
inelastic behavior shown by OPN layers during loading-un-
loading cycles are nonequilibrium phenomena—a situation
common for charged polymers and biopolymers (27) and, in
general, related to the inherently dynamic (nonstatic) nature
of biological processes (30). On the timescale of our AFM
and SFA experiments, Ca>" salt bridges form and disappear
very slowly, so that the number of bridges inside an OPN
layer never stabilizes to the equilibrium value corresponding
to instantaneous confinement conditions. Consider, for ex-
ample, the limit condition of zero (noise-level) force, for
which we estimated the layer thickness, T (inset of Fig. 3 b),
from SFA measurements. A layer that has been previously
compressed appears permanently compacted, i.e., it contains
an excess of calcium bridges compared to an uncompressed
(possibly equilibrium) layer. On the timescale of our exper-
iments, this excess does not disappear when compression is
removed: the layer is trapped in a nonequilibrium state.
From our SFA experiments, we could not determine the
type of interaction that produces compaction, i.e., whether it is
due to OPN-OPN or OPN-mica intralayer bonds. We cannot
exclude the possibility that more than 50% of the negatively
charged residues were bound by Ca®", so that the charge of
OPN molecules became positive (most of the basic AA of the
protein are neutralized by OH ~ and negative counterions at the
pH > IEP and salinity of our solutions) and the overall elec-
trostatic OPN-mica interaction was reversed from repulsive to
attractive. In fact, heavily charged cationic polyelectrolytes
such as polylysine are known to strongly bind to mica in a
nonequilibrium conformation that can be compacted by com-
pression with a SFA (19). As for attractive cross-layer bonds, a
net adhesion was consistently measured by SFA only between
an OPN layer adsorbed from OPN/Ca** solution and rinsed in
pure Ca”" buffer and a bare mica surface (Fig. 5, c and d). This
seems to confirm that the OPN-mica interaction is more at-
tractive than the OPN-OPN interaction. On the other hand,
under the same asymmetrical geometry and buffer conditions,
alayer adsorbed from OPN/NaOH solution and rinsed in Ca*>*
buffer did not show any adhesion (Fig. 4 d). Moreover, a small
adhesion is occasionally detected between two mica surfaces
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equally coated with OPN and rinsed in Ca®" buffer (Fig. 4 a).
These conflicting results indicate that changes in the surface
conformation of the adsorbed proteins, determined by the
adsorption and buffer conditions and not resolved by our ex-
periments, have a strong influence on the normal forces and
adhesion between the surfaces.

SFA versus AFM

Our results show that the technique used to measure the
forces, AFM (Figs. 1 and 2) or SFA (Figs. 3-5), is the most
important factor in determining the shape of the force curves,
and in particular the presence of adhesion. The geometry of
the surfaces around the contact position can be approximated
as a sphere of radius R in front of a plane for both AFM and
SFA. However, the radius Rapm ~ 30 nm is comparable to
protein dimensions, whereas Rggpa ~ 10° Rapm. The com-
pliance of the cantilever and force sensitivity of the AFM is
also ~5 orders of magnitude higher than that for SFA.
Therefore, the AFM allows us to detect the forces generated
by a few proteins, whereas SFA probes a much larger area of
the surface and averages the normal forces generated by a
distribution of protein conformations. For example, the se-
quence of sharp discontinuities observed in AFM force
measurement (Fig. 1) are due to the breaking of single sac-
rificial bonds during retraction. Conversely, the SFA force
curve is continuous because small fluctuations in the force
due to small groups of proteins are negligible compared to the
average force generated by the ensemble of the proteins
confined between the macroscopic SFA surfaces.

Attractive forces appear in the SFA as a single, shallow
minimum (Figs. 4 a and 5, ¢ and d) from which the surfaces
jump out at a distance D such that d(F/R)/dD = K/R (see
Figs. 4 aand 5, ¢ and d). The starting and ending points of the
jump-out will be located along a straight line of slope K/R
connecting two stable regions of the force curve (i.e., where
d(F/R)/dD < K/R) (36). Even if multiple minima were pres-
ent in the retraction force curve, these could be detected only
if the force wells around these minima were intersected by the
straight line of slope K/R starting from the primary minimum.
When attraction was consistently measured in SFA force
measurements in the presence of calcium (Fig. 5, ¢ and d), the
distance Lgga = 10-20 nm between the point where the force
first became zero upon retraction and the starting point of the
jump-out was of the same order of magnitude as the average
value of the pulling length, L = 60 nm, measured by AFM
on the same surface (Fig. 2 b). Both Lggs and L are smaller
than the contour length /. ~ 100 nm of the protein, showing
that the average length of the protein portion that forms cross-
layer bridges and creates attraction between the surfaces is
smaller than /.. However, AFM force measurements occa-
sionally show values of L > [., which are due to aggregation
of the proteins. These events constitute a fraction of the
protein population too small to produce a force detectable by
the SFA.
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Factors that complicate the comparison between AFM and
SFA results are the pressure and the loading-unloading rate.
In SFA measurements (Figs. 3-5), when the force reached the
maximum value F, upon compression (preload), the pressure
at the center of the contact region was (37): Psga = (—1/27)
d(F/R)/dD = 1-10 atm. In AFM experiments, we chose the
preload F}, = 500 pN (Fig. 1) to obtain a comparable pres-
sure, Papv = Fp/A =~ 2 atm, considering a contact area A =
R - However, the AFM technique does not allow us to
directly measure A or to determine the degree of indentation
of the tip in the surface layer during compression; this leads to
an unavoidable uncertainty: Papy must be considered a
lower bound. Moreover, in SFA experiments, pressure in-
creased at an average rate of 107321072 atm/s, which is much
slower than the AFM rate of 1-10 atm/s. Therefore, SFA
measurements reflect a situation that is closer to equilibrium
than in AFM. The relevance of this aspect will be investi-
gated in further experiments.

Osteopontin as an adhesive in human bones

Fig. 6 shows that there is a particular adsorption geometry for
which OPN produces a large adhesion between the two mica
surfaces of the SFA. OPN was adsorbed from the OPN/Ca2+
solution at the edge of the circular contact area between two
adhering bare mica surfaces (Fig. 6, inset a). When the sur-
faces are separated for the first time after adsorption, we
measured an adhesion F\, that is almost five times stronger
than the adhesion between mica surfaces in pure, OPN-free
Ca®" buffer. Under these adsorption conditions, OPN forms
protein bridges between the two mica surfaces at the edge of
the contact area, all of which have to be completely broken to
retract the surfaces (Fig. 6, inset b and ¢). The strong adhesion
is due to a strong OPN-mica binding or to a large density of
bridges that is never reached during SFA experiments with
precoated mica surfaces. The fact that upon retraction the
surfaces stay at the same distance D, < 1 nm before directly
jumping out to large distances indicates that all protein
bridges have already been broken when the mica-mica
junction separates (Fig. 6 ¢). After complete separation of the
surfaces, OPN started adsorbing on the area left uncoated
during contact (Fig. 6, inset d). Before the adsorption reached
equilibrium, the surfaces were brought into contact again
(Fig. 6, inset e). This forced the proteins to flatten on mica,
creating both protein bridges and intralayer surface-protein
bonds. The force measured upon the second retraction after a
short dwelling time in contact is less adhesive than for the first
retraction, most likely because fewer protein bridges were
created during the second approach than during the initial ad-
sorption. The final force after 16 h and seven approach/re-
traction cycles was purely repulsive, like the one between
two precoated mica surfaces (Figs. 4, a and b, and 5, a and b),
but the surface coverage is below the detection limit, I' <
1 mg/mm? (Table 2), and the range of the repulsion is of a few
nanometers (Fig. 6) instead of several tens of nanometers.
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Adsorbed proteins were trapped in a nonequilibrium flattened
configuration (Fig. 6, insets e and f), where long portions of
the protein are immobilized on the mica surface by long-lived
Ca®"-mediated bonds (19). Short unabsorbed portions of the
protein are strongly end-anchored to the surface, and OPN
can form only short protein bridges between the surfaces.
Most likely, this creates a short-ranged negative force during
retraction, increasing with the distance more rapidly than the
spring stiffness K and leading to the observed single jump-
out (Fig. 6).

The behavior described in Fig. 6 is similar to what was ob-
served for another protein with proposed adhesive properties,
mussel foot protein (MFP) (12), which mediates the adhesion
of mussels to rocks in salty sea water. Two mica surfaces
precoated with MFP do not adhere to each other, because al-
most all surface-active residues are strongly attached to the
substrate and become hidden from the other mica surface by a
layer of nonbinding residues. Strong adhesion is measured
when MFPs are allowed to simultaneously bind to both mica
surfaces, as done for OPN in Fig. 6. In addition, it is possible to
activate the adhesive potential of some MFPs by shearing the
preadsorbed layer against an uncoated surface, which brings
some of the surface-active residues to the shearing surface. A
similar mechanism may contribute to the large adhesion ob-
served by AFM on preadsorbed layers of OPN. During an AFM
pulling experiment the tip is lowered onto the sample and a
fixed preload is pressed into it. This results in a shearing motion
of the cantilever parallel to the surface and produces a plowing
out of the surface-active residues.

Finally, in view of the SFA results presented in Fig. 6, we
suggest that OPN may act as an effective adhesive within bone
(5) if it is allowed to simultaneously bind to two or more
mineralized collagen fibrils separated by a few nanometers
(1). The adhesion could also be increased by the particular
physical-chemical composition of the hydroxyapatite nano-
crystals coating the fibrils, which is different from that of
mica, and by specific OPN-hydroxyapatite interactions. The
latter are not well understood and are documented only to a
small extent; there exists a report demonstrating the ability of
OPN to influence the growth of calcium monooxalate crystals,
the main mineral found in kidney stones (38). In this system
the influence of OPN varies on specific lattice planes of the
crystal, which further suggests that the adhesive or repulsive
properties of OPN deposits depend strongly on the substrate.

CONCLUSIONS

Our combined AFM and SFA force measurements reveal that
layers of OPN adsorbed on mica have interesting mechanical
properties, which come from nonequilibrium molecular ad-
sorption and cross-linking mechanisms triggered or en-
hanced by the presence of calcium ions. In particular, OPN
layers have a inelastic behavior due to their ability to store
energy in the form of long-lived calcium salt bridges, prob-
ably with the underlying mica surface. Interestingly, OPN is
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not a generically good adhesive between mica surfaces; OPN
layers in contact over a large area do not necessarily adhere to
each other. Adhesion generally appears at the short length
scale probed by the AFM and at the macroscopic scale only
when OPN is allowed to bind to both surfaces at the same
time—a condition that may be satisfied between mineralized
collagen fibers of the bone.
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