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Osteopontin is a highly charged glycoprotein present in the extra cellular matrix of a wide range of
tissues. It is, in particular, relevant for biomaterials through its role in mineralized tissue remodeling.
The adsorption and enzymatic cleavage of osteopontin at four different surface chemistries (methyl-,
carboxylic-, and amine-terminated alkanethiol self-assembled monolayers and bare gold) have been
studied utilizing a combination of the quartz crystal microbalance with dissipation and surface
plasmon resonance. Full length bovine milk osteopontin was used which is well characterized with
respect to post-translational modifications. Osteopontin adsorbed at all the surfaces formed thin
(~2-5 nm) hydrated layers with the highest amount of protein and the highest density layers
observed at the hydrophobic surface. Less protein and a higher level of hydration was observed at
the polar surfaces with the highest level of hydration being observed at the gold surface. The energy
dissipation of these thin films (as measured by the AD/AF value) was altered at the different surface
chemistries and interestingly a higher dissipation correlated with a higher density. Thrombin was
able to bind and cleave the surface bound osteopontin at the hydrophobic surface. The altered levels
of osteopontin binding, hydration of the layer, and susceptibility to thrombin cleavage suggest that
osteopontin adopts different conformations and/or orientations at the different material surfaces.
© 2009 American Vacuum Society. [DOI: 10.1116/1.3187529]

I. INTRODUCTION

Synthetic materials are widely used for biomedical appli-
cation and the interactions between the material interface and
tissue components are critical for determining the biological
outcome of the medical device. Immediately on contacting a
physiological fluid, biomaterial surfaces interact with the
complex mixture of macromolecules which contains pro-
teins, carbohydrates, and lipids.l These biomolecules form a
hydrated layer, coating the surface and modifying the tissue-
material interface. Adsorbed proteins within the layer medi-
ate the subsequent interactions with cells and not only the
type of protein present but also the amount, orientation, and
conformation play a vital role for the future of the
biomaterial.” As a result, considerable efforts are set into
understanding and controlling the interaction of proteins with
interfaces. The extracellular matrix surrounding a cell in an
in vivo environment is remodeled by the release of extracel-
lular components and the action of local specific enzymatic
processes.3 At a biomaterial surface the adsorbed proteins
within the hydrated cell-mediating layer are also susceptible
to modification through for example enzymatic modification.
A range of complementary surface sensitive analytical tech-
niques has been developed that allows the interaction of bio-
molecules adsorbing or adsorbed at a liquid-solid interface to
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be studied. Examples include the quartz crystal microbalance
with dissipation (QCM-D), ellipsometry, optical waveguide
light mode spectroscopy, and surface plasmon resonance
(SPR). These techniques can quantify the amounts of protein
adsorbing to interfaces,” the viscoelastic properties, and hy-
dration state of the layers5 and subsequent molecular inter-
actions within the layer, such as ligand/substrate binding,4
conformational change,6 or subsequent enzymatic
modification.”

Osteopontin (OPN) is a highly phosphorylated glycopro-
tein that is present in the extracellular matrix of a variety of
tissues.® OPN can bind to cells via the CD44 receptor and
through a arginine-glycine-aspartic acid (RGD) cell adhesive
sequence that interacts with integrin receptors in the cell
membrane. The RGD sequence has been shown to mediate
cell adhesion in a large number of cell types.9 OPN has been
shown to play a role in the formation and remodeling of
mineralized tissue as well as in inflammation and immune
responses.8 OPN is widely altered via post-translational
modifications (PTMs).'"® These PTMs (such as phosphory-
lation, glycosylation, and proteolytic processing) are highly
cell specific, reflecting the diverse functions of OPN in dif-
ferent tissues.'” OPN belongs to a group of proteins which
are only partially structured in the native unbound state but
which have been suggested to adopt specific conformations
on ligand binding.14 OPN is highly relevant as a protein ad-
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sorbed to biomaterial surfaces as it controls many aspects of
cell behavior® and is implicated in mineralization, inflamma-
tion, and the immune response.

OPN is susceptible to enzymatic cleavage by thrombin, at
a site close to the RGD sequence. Upon cleavage by throm-
bin the conformation around the RGD site may change, ex-
posing both this and a cryptic integrin binding site (serine-
valine-valine-tyrosine-glycine-leucine-arginie  in
OPN). A variety of human cell lines has been shown to at-
tach and spread better on thrombin cleaved OPN than on full
length OPN." In vivo, thrombin cleaved OPN exists together
with the full length protein.]5

In contrast to other plasma proteins such as fibronectin,
collagen, and fibrinogen, the interactions of OPN in a bio-
material context have been relatively little studied. The high
degree of diversity within OPNs derived from different tis-
sues, in particular, relating to the number and location of
PTMs and the level of enzymatic modifications makes the
source of OPN a key issue.® One recent study utilizing re-
combinant mouse OPN showed a differential ability of the
protein to support cell adhesion when adsorbed at different
surface chemistries.'® Enhanced cell adhesion was shown on
amine-terminated self-assembled monolayers (SAMs), com-
pared to layers terminated by —OH, -COOH, and —CH3.'®
OPN adsorption and function have also been characterized
when adsorbed to collagen T (Ref. 17) and to polymer
surfaces.'® Furthermore, OPN with different degrees of phos-
phorylation has been shown to support cell adhesion of dif-
ferent cell types to different degrees10 and polymeric OPN
was shown to mediate a higher degree of cell adhesion of a
human colon carcinoma cell line, possibly due to exposure of
a cryptic epitope for integrin binding.19 These facts indicate
that the combination of surface chemistry, phosphorylation
of OPN, and cell type may all be involved in mediating a
highly specific cell response.

This study focuses on developing an understanding of the
adsorption and functional behavior of full length OPN at
different surface chemistries. OPN from bovine milk exhibits
a high degree of phosphorylation and has been well charac-
terized with respect to the post-translational modifications.'?
A combination of QCM-D and SPR has been used to gain
information about how this highly phosphorylated variant of
OPN interacts with various surface chemistries. Alkanethiol
self-assembled monolayers on gold are utilized as well de-
fined surface chemistries of hydrophobic (~CH; terminated
thiol), hydrophilic negatively charged (~COOH terminated
thiol), hydrophilic positively charged (-NH, terminated
thiol), and a metallic character (bare gold). The adsorption of
OPN at these different surfaces and the adsorbed layer prop-
erties in terms of water content and thickness was character-
ized. In addition the susceptibility of the adsorbed protein
layers to enzymatic cleavage by thrombin was used as a spe-
cific indicator of availability of a specific binding site and
correlated with the physical properties of the layers.

human
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Il. EXPERIMENTAL METHODS
A. Materials

Buffers were prepared with MQ water (MilliQ Gradient,
Millipore) and filtered through a 0.2 um pore filter and de-
gassed by the use of sonicator prior to use. The buffer used
was HEPES 10 mM (2-[4-(2-hydroxyethyl)-1-piperazinyl ]
ethanesulfonic acid) with 150 mM NaCl, 9 mM CaCl, at pH
7.4. Calcium was present in the buffer to mimic the in vivo
situation for this calcium binding protein.

Bovine serum albumin (BSA) was purchased from
Sigma-Aldrich (cell culture tested =96% purity). Thrombin
protease was purchased from Amersham Biosciences and
thrombin inhibitor PPACK II from Calbiochem. OPN was
purified from bovine milk essentially as described in Ref. 20.
For extra high purity and to remove N-terminal OPN frag-
ments naturally occurring in the milk, an additional step of
size exclusion chromatography was performed. The homoge-
neity and purity (+98%) of the OPN was verified by SDS-
PAGE, reverse-phase HPLC, and N-terminal amino acid
sequencing.

Thrombin protease was reconstituted by adding ice cold
phosphate buffered saline to the thrombin powder directly
from the freezer to give a final concentration of 1 U/ml. The
thrombin solution was aliquoted and frozen immediately at
=50 °C. Aliquots were defrosted at 4 °C before use and di-
luted with HEPES buffer to the desired concentration.
PPACK II was dissolved in MQ water to a final concentra-
tion of 10 mg/ml, aliquoted and frozen at —20 °C. Upon use,
aliquots were defrosted at 4 °C and further diluted in
HEPES buffer before added to thrombin samples in a 15
molar excess prior to use in experiments. PPACK II inacti-
vated thrombin is referred to as I thrombin.

B. Substrates

QCM-D crystals, AT-cut quartz crystals with a fundamen-
tal resonance frequency of ~5 MHz, were purchased from
Q-Sense AB (Gothenburg, Sweden) with bare gold elec-
trodes (QSX 301), SPR chips (SIA-Au) were purchased from
GE healthcare and precut silicon wafers were purchased
from Litcon AB (Gothenburg, Sweden) and coated by 1 nm
Ti and 20 nm Au 1 nm Ti (rf magnetron sputtering (home-
made), 2 X 1073 mbar argon pressure, Ti deposition rate of 1
nm/s (645 W/cm?), Au deposition rate 2.2 nm/s
(2.5 W/cm?). All QCM-D and SPR surfaces were treated
with TL1 clean 2 20 min before use (1:1:5 volume ratio
H,0,:NH,:H,0, 70-80 °C) followed by thorough rinsing
with MQ water. Gold coated wafers were cleaned by UV/
ozone for 1 h prior to use followed by immersing in MQ
water for 1 h after UV/ozone treatment to allow for the
Au,0, formed*' to be reduced back to Au’. Some gold sur-
faces were modified by the assembly of alkanethiols (methyl
terminated C;gHsgS, Sigma-Aldrich, carboxy-terminated
thiol HSC,sH;,COOH, and amino-terminated
HSC,H,,NH,, Prochimia, Poland). Thiolation was per-
formed in ethanol (p.a. grade, Merck) for a minimum of 12 h
for the methyl terminated thiol (35 mM) and 24-48 h for the
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hydrophilic thiols (2 mM). After the assembly the surfaces
were sonicated in ethanol (10 min for methyl terminated and
3 min for hydrophilic thiols) to remove unbound thiols, fol-
lowed by sonication for 3 min in MQ water and subsequent
drying under a stream of nitrogen. Substrate chemistry be-
fore and after modification was characterized by x-ray pho-
toelectron spectroscopy and advancing water contact angle
goniometry (sessile drop). X-ray photoelectron spectroscopy
(XPS) spectra showed oriented self-assembled monolayers
with the expected surface functional groups (see table S2 in
the supplementary information).”> The films formed from
amine-terminated thiols showed in addition to the expected
atomic constituents also some oxygen, probably indicating a
less well ordered thiol layer resulting from oxidation of some
of the sulfur groups and/or water coordinated to the amine
group. The formation of high quality amino-terminated al-
kanethiol films has previously been reported to be difficult.”

C. QCM-D

The quartz crystal microbalance is a sensitive weighing
device that can measure mass changes in the nanogram
range. In the QCM-D technique,24 the damping of the crystal
oscillation (the dissipation factor) is measured in addition to
the frequency shift allowing to determine the viscoelastic
properties of the layer. For thin and rigid layers the mass
adsorbed to the sensor can be calculated using the Sauerbrey
equation25 and the mass derived from QCM-D data includes
any water coupled to and in the layer.5 The measurements
were performed with a Q-sense E4 system from Q-Sense AB
(Gothenburg, Sweden) where the resonance frequency and
the 3rd—13th overtones of the sensor were recorded simulta-
neously with the damping of the crystal, i.e., the dissipation
factor. Each experiment was run in batch mode with pump-
ing of liquid through the sensor when rinsing or exchanging
buffers.

For each protein addition, approximately 0.5 ml of liquid
was pumped to the sensor using a flow rate of 0.1 ml/min.
Thereafter the pump was stopped and the protein adsorption
was allowed to continue under static conditions for the re-
mainder of the adsorption step. This protocol was used as a
compromise between avoiding depletion effects and limiting
the amounts of protein required. The majority of the binding
(>90%) occurs during the first 5 min so that the experimen-
tal conditions reflect flow conditions. After a stable base line
was accomplished, an OPN solution of 20 wg/ml was intro-
duced and allowed to adsorb to the surface for 1 h in HEPES
buffer. Then the surfaces were blocked with BSA 1 mg/ml,
30 min followed by the introduction of thrombin (13 U/ml)
or thrombin at the same concentration inhibited by PPACK II
(PPACK II incubated with thrombin in 15 molar excess for
10 min prior introduction in the instrument) for 1 h. The
chamber was rinsed for 15 min with HEPES buffer after each
step.
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D. SPR

Surface plasmon resonance is an optical technique which
utilizes surface plasmon polariton excitations to sense the
local refractive index change in the liquid close to the gold
surface. If biomolecules are adsorbed on a surface, they re-
place the buffer next to the surface, and the change in refrac-
tive index can be converted to adsorbed (dry or optical)
mass. >

Measurements were performed with a Biacore X system
from Biacore AB (Uppsala, Sweden). A flow rate of
5 wml/min was used, and a stable base line was awaited be-
fore adsorption. The procedure followed that of a QCM-D
experiment with the same buffers and chemicals with shorter
contact time between surface and protein solutions (30 min)
due to instrument configurations but, in general, the adsorp-
tion finished faster for the SPR measurements than the
QCM-D experiments due to the flow versus static conditions.

Figure 4 has been subjected to a base line correction to
display the data better. 5-10 min of data previous to the
injection was used to fit a line using linear regression (MI-
CROSOFT EXCEL).

E. SDS-PAGE electrophoresis

SDS-PAGE electrophoresis was performed using the In-
vitrogen Power ease 500 fitted with Novex minicell. Samples
were loaded on a NuPAGE® 4%—12% Bis-Tris gel (Invitro-
gen) and run at 200 V for 40 min with NuPAGE® MOPS
SDS running buffer. Samples were prepared for loading by
adding a buffered solution containing glycerol, SDS, DTT,
and bromphenol blue, followed by immersing the samples in
a water bath, ~90 °C, for 10 min. SeeBlue® Plus2
Prestained standard (Invitrogen) was loaded on the gel for
size comparison. After the gel was run it was washed twice
with MQ water, stained with Simply blue safe stain (Invitro-
gen) for 1 h and rinsed repeatedly with MQ water. Finally,
the gel was dried out using DryEase minigel drying system
(Invitrogen).

F. Statistics

The unequal variance ¢ test was used for the statistical
analysis of the data.”’ In general the unequal variance ¢ test
was performed on the data sets with EXCEL. The sample size
for the analysis of OPN and BSA layers was eight for
QCM-D and SPR data (for SPR these eight data points are
constituted by four independent experiments with data from
two flow channels in each). For the calculation of the density
the error was estimated by calculating the density for all
possible combinations of dry and wet mass for each surface
chemistry, giving rise to 64 density values for each group.
The mean was calculated from these 64 values while the P
value was calculated following the approach presented by
Ruxton et al.”’ using the original sample size of eight when
calculating the degrees of freedom. Probability values of
=0.05 were considered to indicate significant differences.
The results are expressed as mean * standard deviation and
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FiG. 1. (Color online) Typical QCM-D graph for an experiment on a gold
surface showing the (a) OPN adsorption followed by (b) buffer rinse block-
ing with (c) BSA, (d) buffer rinse, (¢) thrombin, and (f) a final rinse. Fre-
quency and dissipation displayed.

significant differences are indicated in the text. Contact angle
measurements were done with a sample size of four.

lll. RESULTS

We have monitored OPN adsorption to four different sur-
face chemistries, and observe different situations on each of
these surfaces. Differences range from the amount of ad-
sorbed protein to water content of the layer, stability of the
OPN on the surface and accessibility to thrombin.

The advancing contact angle measurements (n=4)
showed hydrophilic surface properties for the carboxy-
terminated (20 2°), amino-terminated (40=*4°), and gold
layers (37 %+2°) and hydrophobic surface properties for the
methyl terminated layers (106 = 1°).

Figure 1 is showing a typical QCM-D graph for the OPN
adsorption, blocking with BSA and subsequent exposure to
thrombin on a gold surface. The data outlining the frequency
and dissipation changes measured by the QCM-D technique
for adsorption of OPN at the different surface chemistries are
tabulated in the supplementary information. In Table I the
data from the OPN and BSA part of the experiment, includ-
ing both QCM-D and SPR (the thrombin part will be evalu-

all significantly different except for the amine versus car-
boxylic and carboxylic versus gold. The dry mass exhibits
fewer significant differences with only hydrophobic versus
the charged surfaces being significantly different. The mass
from QCM-D includes both the adsorbed biomolecules and
any water coupled in or to the layer, whereas SPR gives the
optical or dry mass. The mass from the QCM-D measure-
ments were calculated using the Sauerbrey equation,25

CA
Am=- —f,

n

(1)

where C is the mass-sensitivity constant (C
=17.7 ng Hz™' cm™? for 5 MHz resonance frequency), n is
the overtone number, Am (ng/cmz) is the adsorbed mass per
unit area, and Af (Hz) is the frequency shift. The Sauerbrey
equation is valid for thin and rigid layer and is a good ap-
proximation for our data in this case. The mass from the SPR
measurements was calculated using the following formula:*®

lyecay de d
Am = %ﬁiﬁm = CoprARU, 2)

where e,y (m) is the decay length the evanescent field [308
nm for instrumental wavelength of 765 nm (Ref. 29)], dc/dn
(kg/m?) is the inverse index increment for the adsorbed mo-
lecular layer (0.180 g/ml for most proteins®), A® (deg) is the
change in resonant angle, and we calibrated dn/d® for the
instrument using solutions of different concentrations of glu-
cose. For our instrumental setup with the Biacore X Cgpg
was calibrated to be 0.082 ng/cm? for protein adsorption
directly onto the gold surface. ARU is the difference in re-
sponse units after and before the adsorption and it is directly
correlated with the change in SPR angle (1000 RU corre-
spond to A® ~0.1°).%

A combination of optical techniques with QCM can be
used to quantify the properties of adsorbed organic layers,
such as polyelectrolyte layers,31 proteins,4 and lipids.ZSThe
combination of QCM-D and SPR allows for calculating the
water content of the adsorbed biomolecular layer. The den-
sities for the OPN layers at different surface chemistries are
displayed in Table I and were calculated according to Eq. (3),

ated later in the text and in Fig. 4), are displayed as adsorbed ~ where Ppror Was assumed to be 1325 kg /m3, %
mass per unit area. Significant differences for the wet mass
(including AD/AF values) are observed for all comparisons _ MqocMm 3)
except amine versus carboxylic. The calculated densities are Player Mspr! Ppror + (Moent — Mspr)/ Pyater
TABLE I. Summary of adsorption data for OPN and following BSA blocking. Wet mass from QCM-D and Dry mass from SPR.

Sauerbrey (“wet”) mass Dry mass Density AD/AF

(ng/cm2) (ng/cm?2) (kg/m3) (107° Hz™)

Au: OPN adsorption 498 +32 7812 1040+6.7 0.0477 £0.002 05
Au: BSA 19+13 2577
Hydrophobic: OPN adsorption 257*116 117%53 1151 =86 0.113%+0.0223
Hydrophobic: BSA 250+45 3813
Carboxylic: OPN adsorption 361+43 69+ 17 1050 = 14 0.0585+0.008 96
Carboxylic: BSA 86+ 19 39=x13
Amine: OPN adsorption 361*+15 71*+12 1051 8.9 0.0572 = 0.008 96
Amine: BSA 17+13 0+25
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FIG. 2. (Color online) Examples of QCM-D graphs (frequency only) show-
ing the BSA adsorption at the four different surface chemistries. Note that
the graphs are offset to start at zero frequency after the OPN adsorption for
easy comparison. To see how much OPN that adsorbed on each surface
chemistry see Fig. 1 or Table 1.

As can be seen in Table I, the density of the OPN layers
differs between the different surfaces. A considerably higher
density layer is observed at the hydrophobic surface
(~1150 kg/m?®), whereas both the charged surfaces (amine
and carboxylic) show a similar density (~1050 kg/m?). The
lowest density and consequently the highest water content
was seen on the gold surface (~1040 kg/m?). The absolute
calculated values for layer densities are dependent on the
generic values for dc/dn of the adsorbed molecular layer and
Pprot (density of dry protein). These generic values may not
be perfectly correct for any given case but is not expected to
be a major source of error and will not affect the differences
between the surface chemistries studied here.

The QCM-D technique provides information both on the
additional mass adsorbed at the sensor surface (through the
frequency shift upon protein binding) and on the energy dis-
sipation of the adsorbed layer. The energy dissipation shift
increases as the frequency shift decreases (as seen in Fig. 1)
as each material accumulates at the interface, thus the dissi-
pation shift per unit frequency shift is often used as an indi-
cator of the energy dissipation. The AD/AF values after rins-
ing for the OPN layers adsorbed at the different surface

chemistries are for the amine-terminated surface
0.057*=0.003, for the carboxyl-terminated surface
0.058*=0.009, for the methyl terminated surface

0.113%=0.022, and for the gold surface 0.048 = 0.002.

The surfaces were blocked with BSA after OPN adsorp-
tion to hinder unspecific binding of thrombin to the underly-
ing substrate. The BSA adsorption itself can reveal extra in-
formation about the coverage and strength of interaction of
OPN with the different surface chemistries.

In Fig. 2 it can be seen that there are large variations in
the level of binding of BSA. The hydrophobic surface where
the least OPN binding is observed with QCM-D corresponds
to the largest BSA binding (see Fig. 1 or Table I). Significant
variation in the BSA data resulting from SPR makes it diffi-
cult to conclude much from these data; however the highest
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FiG. 3. (Color online) SDS-PAGE gel showing full length OPN being
cleaved by thrombin, and how PPACK II efficiently inhibits thrombin. The
following conditions run: (1) OPN 1 mg/ml; (2) OPN 1 mg/ml incubated 30
min at RT; (3) OPN 1 mg/ml+thrombin, 0.2 mg/ml incubated 10 min at
RT; (4) OPN 1 mg/ml+thrombin, 0.2 mg/ml incubated 30 min at RT; (5)
OPN 1 mg/ml+thrombin, 0.2 mg/ml+PPACK II, incubated 30 min at
RT; (6) See Blue standard.

binding was observed for the hydrophobic surface in agree-
ment with the QCM-D data. Interestingly the kinetics of the
BSA adsorption shows a different behavior on the amine
surface. The shape of the graph, with an increase in reso-
nance frequency seen after the initial drop in frequency, may
indicate both that BSA is binding to the surface in significant
amounts and that some other process leading to loss of ma-
terial is also occurring. The second dip in the graphs in Fig.
2 corresponds to when the surface is rinsed with buffer after
BSA adsorption, and thus “fresh” BSA remaining in the tub-
ing, is again flowed over the sensor surface giving a small
increase in binding before the buffer reaches the sensors and
some desorption appears to start to occur. This is a common
scenario seen with this instrumental setup.

We aimed to use the accessibility of OPN to thrombin as
a tool to gauge functionality of the protein since it has pre-
viously been shown to be advantageous for cells to bind to
the cleaved form of the protein. Additionally, since the
thrombin cleavage site is in close proximity to the RGD cell
binding site, the binding of thrombin to OPN could well
correlate to RGD availability. We have both observed the
interaction of active thrombin and thrombin inhibited with
PPACK (I thrombin) to OPN. The gel in Fig. 3 clearly shows
that thrombin is able to cleave OPN (compare lane 2 with
line 4) and that PPACK II is able to inhibit this thrombin
cleavage (compare lane 4 with lane 5). The upper band seen
in lanes 1, 2, and 5 at ~51 kDa corresponds to full length
OPN; the lower intense band in lanes 3-5 at ~35 kDa cor-
responds to thrombin. The migration of the highly phospho-
rylated OPN is as expected not well represented by the pro-
tein standard (due to poorly pairing with the SDS) but can be



52 Malmstrom et al.: Adsorption and enzymatic cleavage of osteopontin 52

-200 .
—B— Gold
—W¥— Carboxylic
=00 “— Amine
1 —@®— Hydrophobic
-400
-500 T T T T T T T 1
70 80 90 100 110
t (min)
B) | a b
100 H ‘

—@— Thrombin

400 — —h— |-thrombin

-500 - | - | - L ' '
70 80 90 100 110
t (min)

FIG. 4. (Color online) Examples of SPR graphs showing (a) thrombin inter-
acting with surface adsorbed OPN for all surface chemistries. (b) The dif-
ference between active thrombin and thrombin inhibited by PPACK II for
the hydrophobic surface. a indicates point of injection of OPN and b indi-
cates the start of rinsing with buffer. Each curve has been offset to start at
zero Ru and corrected for baseline drift by subtracting the drift for the time
before the injection of thrombin or thrombin inhibited by PPACK II.

used to investigate its purity and cleavage (the mass of the
bovine milk OPN used here is ~33.9 kDa as determined by
MALDI MS).

SPR measurements were used to study the interaction of
thrombin with the OPN layers at the different surface chem-
istries. In our case we observed three different scenarios
[Fig. 4(a), the data is also available in original form prior to
baseline correction is supplementary information]zz. On the
hydrophobic surface a linear reduction in mass is seen during
the thrombin exposure step. The rate of removal of material
from the surface is seen to be greatly reduced by inhibition
of the thrombin with PPACK II [shown in Fig. 4(b)], which
indicates that the mass leaving the surface results from en-
zymatic cleavage of OPN by thrombin. On the other surface
chemistries no such reduction in mass was observed. How-
ever on the carboxylic surface a net increase in mass was
observed after the thrombin exposure step. In the raw SPR
data we observed drift of the signals which were different in
each experiment. We do not fully understand this drift which
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is likely to be a combination of machine induced drift and
possible desorption of material from the surface. Such effects
make a quantification of the enzymatic effect difficult, but to
display the data better we have subtracted the drift in the
“base line” before the injection of thrombin or thrombin in-
hibited by PPACK II in Fig. 4. The original data for Fig. 4(a)
are available in supplementary information. However a clear
qualitative difference is observed in the interaction of throm-
bin with OPN adsorbed at the different surface chemistries.

We have carried out parallel QCM-D studies for the
thrombin step which were however rather inconclusive. We
could, in some cases, confirm the enzymatic cleavage at the
hydrophobic surfaces (for those cases when a relatively large
amount of OPN was adsorbed to the surface), but did not
observe significant changes in the mass during thrombin ex-
posure for the other chemistries.

IV. DISCUSSION

The combination of multiple surface analytical techniques
can increase the quality of information obtained about sur-
face adsorbed protein layers. Here we utilize the optical tech-
nique SPR which measures the surface density of protein in
combination with the acoustic technique QCM-D, which
gives information on the total mass of the hydrated adsorbed
layer. The properties of the adsorbed OPN layers are found
to be significantly different at the different surface chemis-
tries studied. The amount of OPN adsorbing at the polar
hydrophilic and metal surfaces was found to be relatively
similar. Assuming a protein surface packing via random se-
quential adsorption the adsorbed mass of ~75 ng/cm? cor-
responds to a footprint of ~40 nm?/molecule indicating a
relatively low surface coverage. OPN is believed to have
little structure in solution and may adopt a structure upon
ligand binding.14 The mass adsorbing to the hydrophobic sur-
face chemistry was ~50% larger than the other surfaces
(~115 ng/cm?, see Table I) and with a concomitantly
smaller molecular footprint (24 nm?/molecule) although
with a substantial variability. The QCM-D measurements
show a somewhat different profile with the largest binding
observed for the metal surface and the least at the hydropho-
bic surface. Compared to the polar hydrophilic surfaces the
gold surface shows a significantly larger additional binding
(~50%) and the hydrophobic surface, a significantly lower
binding (~25%). While the SPR technique measures the op-
tical or dry mass of the protein, the QCM-D techniques ad-
ditionally measure water mass trapped within the protein
layer. The differences in the measured signals indicate first
that the OPN layers bound at the different surface chemis-
tries include significant amounts of trapped water but also
that the level of water bound within the protein layer is re-
lated to the surface chemistry. A comparison of the two tech-
niques allows the extraction of the level of hydration. While
water makes up ~65% of the OPN layer at the hydrophobic
surface, it represents more than ~85% of the films at the
polar hydrophilic surfaces and greater than 88% at the metal
surface. The level of hydration of a protein film can give
some information about the conformation of proteins within
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the layer. Adsorbed layers of a number of extracellular ma-
trix proteins have been studied utilizing QCM-D combined
with optical techniques (e.g., HSA, IgG, fibronectin, and
laminin*****%). While a general trend is seen with a higher
level of hydration for larger proteins, for specific proteins
altered levels of hydration have been observed when the pro-
tein is adsorbed at different surface chemistries. For one spe-
cific protein, the mussel adhesive protein, Hook et al’
showed that a low/high density correlated with two different
conformations of the protein with the high density state in-
duced by specific cross-linking. The altered level of hydra-
tion of proteins at different surface chemistries is thought to
indicate altered conformations at the different interfaces. The
level of hydration of small proteins has not been extensively
studied. The level of hydration that we observe for OPN
(~34 kDa) is higher than that observed for somewhat larger
globular proteins (e.g., hemoglobin 64.5 kDa gave 43% hy-
dration and HSA 66 kDa gave 44% hydration at a hydro-
philic titanium dioxide surface’). The relative lack of struc-
ture observed for OPN may explain the high levels of
hydration compared to these more compact proteins. The
two-technique approach also allows the extraction of a thick-
ness for each of the adsorbed protein films by dividing the
total Sauerbrey mass (hydrated mass) by the density of the
layer and also shows a dependence on the surface chemis-
tries. Our calculations assume a homogenous layer which has
recently been shown to lead to an underestimation of the
layer thickness, especially in cases of low protein coverage.35
Clearly the density of the layer may not be constant through-
out the layer so these numbers represent a characteristic
thickness allowing comparison between layers formed at the
different interfaces. The thickness of the films are different
on the metal, polar, and charged surfaces, respectively, and
correlate to the density of the films rather than the total mass
with a lowest density (e.g., at the metal surface) giving the
thickest film. This means that the gold surface has a thick-
ness of ~5 nm while the thickness is ~3.5 nm on the polar
surfaces and ~2 nm on the hydrophobic surface (highest
density film). The hydrophobic surface with the smallest mo-
lecular footprint gave the thinnest film tells something about
the interaction of the protein with the different surface chem-
istries. While the larger molecular footprint of OPN at the
gold and the polar surfaces might suggest an open conforma-
tion with multiple contact points to the surface, the relatively
thicker films observed suggest less contact between the pro-
tein and the surface. OPN at the hydrophilic surfaces may
have a more open structure and larger size taking up a
greater area on and extending further from the surface. At the
hydrophobic surface an altered conformation is suggested
with a more compact structure.

The energy dissipation of the OPN films (as quantified by
the AD/AF value) at the different surface chemistries mea-
sured by the QCM-D showed differences (significant for all
but a comparison of the two polar surfaces) and a clear cor-
relation to the density of the films obtained from the combi-
nation of QCM-D and SPR. The highest AD/AF value was
seen for the hydrophobic surface which showed the highest
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density of the adsorbed protein layer. This dissipation value
and density of the two polar surfaces was significantly lower
than that of the hydrophobic surface and significantly higher
than at the gold surface. For thick and highly dissipative
films the dissipation is usually interpreted in terms of the
viscoelastic properties of the film with higher dissipation and
AD/AF correlating to floppier films often including larger
amounts of water. The films here are neither thick nor highly
dissipative (which is confirmed by our attempts to model the
data using the Q-soft tools which did not give good fits—
data not shown). For thin protein films, such as here, which
are rigidly coupled to the surface, the origin of the dissipa-
tion is less clear. While the specific origin of the dissipation
is hard to interpret, it does in this case scale with the density
and we suggest that the dissipative mechanism may relate to
interactions within and between the chains of the protein
itself.

During our experiment we exposed the OPN coated sub-
strates to a solution of BSA as part of a blocking step. Inter-
estingly the amount of binding observed in the QCM-D was
different at the different surface chemistries. While the pro-
file of the binding (Fig. 2) to the Au, CH;, and COOH sur-
faces showed typical binding kinetics, those observed at the
amine-terminated surface showed an initial binding kinetics
for the first few minutes of exposure to BSA followed appar-
ently by a removal of material from the surface (as seen by
an increase in frequency). This profile may be explained by a
process where initial binding of BSA to the surface stimu-
lates the release of OPN. Such exchange of proteins has been
observed before for larger proteins displacing smaller
proteins.36 It is unlikely that Table I reflects the full binding
of BSA to these surfaces (SPR shows similar Kinetics during
the BSA adsorption on the amine surface, data not shown). A
removal of OPN from the surface by BSA would suggest that
the protein has a relatively weaker interaction with the posi-
tively charged amine-terminated surface than with the nega-
tively charged carboxyl-terminated surface, which is some-
what surprising given the large number of negatively charged
residues in OPN. Calcium present in the system may contrib-
ute to binding at the negatively charged surface through the
formation of calcium bridges between negatively charged
groups on the protein and materials interface, respectively.
We cannot however rule out that the observed effects at the
amine-terminated surfaces result from other processes such
as structural changes in the layer or a process where BSA
binds and then leaves the surface. At the hydrophobic surface
the level of binding of BSA was surprisingly large which
may indicate either that the OPN layer does not fully cover
the surface allowing BSA to bind to the hydrophobic sub-
strate or that the conformation of the adsorbed protein allows
BSA to bind to the OPN within the layer or to the surface
while compacting an initially spread OPN.

The conformation of a surface bound protein is difficult to
study. We have utilized thrombin as a probe of the thrombin
cleavage site at Arg147-Ser148 (Ref. 12) to gain information
about availability of a specific ligand. It has previously been
shown that cleavage of the OPN makes the cell binding site
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more available. Therefore, the ability of OPN to regulate cell
surface binding in a biologically relevant situation, where
enzymes are ubiquitous, may be influenced by the enzymatic
cleavage. The difference in level of hydration and thickness
of the adsorbed protein film suggests that the conformation
of the protein is altered at the different surfaces. We observe
significant differences during the interaction with thrombin.
OPN at the hydrophobic surface is cleaved by thrombin
(control measurements of thrombin on BSA showed no bind-
ing of thrombin or loss of mass from the surface—data not
shown) leading to loss of mass from the surface, while OPN
at the other chemistries was not apparently cleaved. An in-
crease in mass was observed with SPR at the carboxylic
surface when OPN was subjected to thrombin. We believe
that the carboxylic surface is properly blocked by BSA and
expect this mass increase to be due to a specific interaction
between the thrombin and the OPN; however we cannot
completely rule out contributions from unspecific interac-
tions. This mass increase was not detected using QCM-D and
the lack signal compared to the SPR could be explained by
alterations within the layer (such as a replacement of water
within the layer by protein) since QCM-D mass represents
both protein and water coupled within the film. The fact that
OPN can be cleaved by thrombin at the hydrophobic surfaces
suggests an alternative conformation at this surface, which is
also suggested by the denser film and smaller molecular foot-
print of OPN at this surface chemistry as compared to the
other surface chemistries.

The adsorbed OPN layers show significant differences in
amount adsorbed, hydration, stability, and availability to be
cleaved by thrombin. These differences in layer properties
suggest that OPN has adsorbed with differences in orienta-
tion and conformation on the different surfaces. OPN is re-
garded as a poorly structured protein in its native state in
solution and is included in the class of intrinsically unstruc-
tured proteins that are proposed to adopt specific conforma-
tions only upon ligand binding.14 The lack of structure would
imply that the protein, as it comes down to the surface,
would more easily interact with materials surfaces in differ-
ent conformations. The different surface chemistries, which
result in distinctly different OPN layers with different prop-
erties (both physical and functional), suggest that the surface
is able to induce some conformation (or set of conforma-
tions) of the protein. For a highly structured protein the
modulating effect of the surface is normally rather discussed
in terms of the amount to which the native structure is lost
through denaturation. Here we may observe surface induced
conformation able to modulate the functional properties of
the protein. Material surfaces can act as specific ligands for
molecule recognition molecules®” and OPN is believed to
have specific interactions with calcium phosphate interfaces.
However, it is unlikely that OPN forms a specific conforma-
tion at the interfaces studied here, but perhaps rather a pre-
ferred orientation and availability of specific sites. It is easy
to imagine how these differences could carry through to
yield different cell responses on the different surfaces, but its
is hard to predict exactly how and which surface will give
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the most beneficial cell behavior. Obviously more factors
play in, what is considered beneficial cell behavior in a cer-
tain application for one, but also the cell type may influence
the outcome. It has previously been shown that mouse ras-
transformed fibroblasts adhere strongly to two different
sources of OPN with different degrees of PTMs, while hu-
man breast cancer cells exhibited a much stronger adhesion
to the least phosphorylated OPN.'" The fact that the cell type
is of importance indicates that simply the availability of the
RGD sequence is not of sole importance, but that other parts
of the protein are also influencing the cell adhesion, with
phosphorylations being pointed out as one such important
factors.

Liu et al.' previously explored cell binding to an OPN
adsorbed to four surface chemistries, -CH3, -OH, -NH,, and
—COOH produced by SAMs on gold. Their study revealed
the highest cell adhesion and largest cell area on the —NH,
surface suggesting that their OPN had a favorable
orientation/conformation for adhesion and spreading of their
primary endothelial cells (bovine aortic). While there are sig-
nificant differences in their protein system compared to ours,
they utilize a recombinant mouse OPN expressed in a my-
eloma cell line, a higher protein concentration (50 wug/ml)
and using calcium free buffer, the study by Liu et al. 1 served
as an interesting comparison. Liu ef al. also saw that an
equivalent amount of OPN adsorbing on both charged sur-
face chemistries therefore attribute the difference in cell re-
sponse to orientation and conformation. They show examples
of SPR spectra of the amount of OPN adsorbed to the two
charged surfaces (they do not report on the other two sur-
faces) and find three times as much OPN compared to our
experiments. The additional binding was unlikely to be a
result purely of the higher concentration of OPN since we
have investigated the adsorption isotherm on the amine-
terminated surface and found that 20 ug/ml is sufficient to
be in the higher part of the isotherm (see supplementary in-
formation). We do not believe that the presence of calcium is
the critical factor since both we and they observed similar
adsorption characteristics to positive and negative surfaces.
The profile or level of modification of the particular recom-
binant mouse OPN used in that study has not been estab-
lished, whereas the bovine milk OPN used in this study has
been comprehensively characterized."> OPN from different
tissues and species have different patterns of PTMs, 14
which could explain the discrepancy in binding. Our analysis
of hydration, stability, and susceptibility for thrombin cleav-
age provides new information on the effect of surface chem-
istry. In our case, with our source of OPN, further analysis
reveals very little difference between the layers on the two
charged surfaces. The stability of the layer is the one factor
that we have been able to identify that differs between the
two surface chemistries, with the cell response still remain-
ing to be investigated in future studies.

V. CONCLUSIONS

In this study the adsorption of OPN to four different sur-
face chemistries has been carefully investigated. A combina-
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tion of surface sensitive techniques (QCM-D and SPR) was
used to derive information about the protein layers such as
the amount adsorbed and hydration. OPN adsorbed in thin
layers with a relatively high degree of hydration on all of the
surfaces, with the highest density film on the hydrophobic
surface and the lowest density film on the bare gold surface.
The OPN films adsorbed at the charged hydrophilic inter-
faces were similar in both amount and hydration, with the
only apparent difference being a less stable OPN layer on the
amine surface. OPN adsorbed at the hydrophobic surface
was shown to be susceptible to enzymatic cleavage by
thrombin, while this effect was not detected for the other
surface chemistries. The differences detected in the layer
properties suggest that OPN, which is proposed to be rela-
tively unstructured in solution, adopts different conforma-
tions and/or orientations at the different surface chemistries.
It is likely that the response of cells to surface bound OPN
will reflect these differences in conformation/orientation.
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