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ABSTRACT: In the ectopic biomineralization of calcium oxalate
kidney stones, the competition between calcium oxalate mono-
hydrate (COM) formation and its inhibition by the phospho-
protein osteopontin (OPN) plays a key role in COM stone-
forming processes. To get more insights into these processes,
tip-enhanced Raman spectroscopy (TERS) was used to provide
surface-specific information about the adsorption of OPN to faces
of COM crystals. In TERS, the surface plasmon resonance of
a metallic AFM tip is locally excited when the tip is placed in the
optical near-field of a laser focused on the crystal surface.
Excitation of this localized surface plasmon resonance allows the enhancement of the Raman signal as well as the improvement of
the spatial resolution beyond the diffraction limit of the light. As TERS works label free and noninvasively, it is an excellent
technique to study the distribution of adsorbed proteins on crystal faces at the submicrometer scale. In the present work, we
generated Raman intensity maps indicating high spatial resolution and a distinct variation in relative peak intensities. The
collected TERS spectra show that the OPN preferentially adsorbs to edges and faces at the ends of COM crystals (order: {100}/
{121} edge > {100} face > {100}/{010} edge ≈ {121}/{010} edge > {010} face) providing also relevant information on the
inhibition of crystal growth. This study demonstrates that TERS is an excellent technique for detailed investigations of
biomolecules adsorbed, layered, or assembled to a large variety of surfaces and interfaces.

■ INTRODUCTION

Tip-enhanced Raman spectroscopy (TERS) is attracting in-
creasing attention across the chemical, biochemical and bio-
physical sciences.1−4 In TERS measurements, a metallized
(Au, Ag) Atomic Force Microscopy (AFM) or Scanning
Tunneling Microscopy (STM) tip with a tip radius of 10−20
nm is brought in feedback with the surface of a sample.5,6 A
laser source, aligned and focused to an AFM tip, induces a
local resonant excitation of surface plasmons at the metal-
coated tip, which in turn provides an enhanced Raman signal
of the sample in proximity to the tip apex.7 The sample
is then scanned point-by-point over a surface providing a
TERS map of that surface. The nature of TERSto be
locally very sensitivecan be further evidenced by analyzing
the decay rate of the signal magnitude when the tip is
brought out of vicinity of the surface of interest. Recently, it
has been shown that the intensity of the near-field is inver-
sely proportional to the 10th power of the tip−sample dis-
tance.8 This feature makes TERS a very valuable technique
to specifically probe surfaces and interfaces, and has been
used to study individual nanosized building blocks such as
carbon nanotubes with a lateral resolution of 15 nm.9 This is
in sharp contrast to the practical spatial lateral resolution

limit (Δx) of conventional optical microscopy, given by the
Abbe’s criterion:10,11

λΔ =x
0.61
NA (1)

where λ is the wavelength of the light source and NA is the
numerical aperture of the objective. This leads, under ideal
conditions, to a lateral resolution in the range of 250−500 nm.
The use of TERS in the biochemical and biophysical sciences

is particularly attractive as, unlike other techniques (e.g., fluo-
rescence spectroscopy and microscopy), it allows for sensitive
analyses of very small areas of a sample at a high spatial resolu-
tion and in the absence of any label (isotopes, fluorophores
etc.). Labeling can lead to undesired artifacts and misinforma-
tion, and sometimes requires the synthesis of endogenous
fluorophores, which can perturb the native organization of the
biosystem of interest.12

Using TERS, Deckert and co-workers recently studied in-
dividual RNA strands,13 isolated mitochondria of yeast cells,14

various nucleobases15 and the lipids and protein domains of
human cells.16 For viruses17 and a malaria-infected cell,18 they
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found a wealth of structural details (composition and organ-
ization) of the proteins located on the cell membrane at the
submicrometer scale. Moreover, Meixner et al.19 investigated
monolayers of calf thymus DNA and improved the detection
limit to a single DNA strand, opening an innovative spectro-
scopic technique for the investigation of DNA−drug interactions.
In addition, Zenobi et al. have demonstrated that TERS is the
method of choice in investigating lipid monolayers on gold
surfaces, again emphasizing the nondestructive nature of TERS
combined with a spatial resolution better than 50 nm.20

The present work focuses on the use of TERS to study the
interactions of the phosphoprotein osteopontin (OPN) with
calcium oxalate monohydrate (COM) crystals. The latter is the
most common mineral phase of kidney stones (≈75%), while
OPN is believed to be a potent inhibitor of kidney stone
formation.21 A perspective view of a COM penetration twin
(main habit in physiological environments) is shown in Figure 1.

The formation of oxalate stones in the urinary system involves
the nucleation, growth, and aggregation of these crystals; a
complex process that depends on many parameters such as the
diet and water intake of the subject.22 However, low molecular
weight (e.g., citrate) and macromolecular inhibitors play an
important role in regulating these calcification processes. Members
of the latter category are the Tamm−Horsfall protein (THP)
and OPN.23,24

OPN, which is part of the body’s defense mechanism against
pathological calcification,25 is proposed to be a potent inhibitor
of stone formation. To test this hypothesis, effects of a variety
of OPN peptides and the parent protein on COM growth
inhibition were analyzed.26−29 In vitro, OPN is adsorbed onto
COM crystals,22,30,31 inhibits their growth,32−34 and prevents
crystal aggregation.35 Atomic force microscopy of growth steps,
for instance, has shown that OPN adsorption to {010} faces is
more selective than adsorption to {100} faces.34 Very recently,
the adsorption pattern of OPN isoforms to COM crystals was
studied using a combination of confocal fluorescence and
scanning electron microscopy .28,29,36 These investigations have
shown that fluorescent-labeled OPN preferentially adsorbs to
the edges between the {100} and {121} faces, and, after longer
adsorption times, to {100} faces. Adsorption to {010} and
{121} faces was not evident. In the present study, we demon-
strate for the first time that a tip-enhanced chemical fingerprint
of adsorbed OPN to COM faces results in a detailed, semi-
quantitative and complete adsorption profile of the phospho-
protein (phosphorylated recombinant rat bone osteopontin, p-
OPN) to COM crystal faces. This is carried out in noncontact
mode and without the requirement of fluorescent label. The
findings of the present work demonstrate the utility of this
novel approach to study protein mineral interactions, and
provide important insights into the adsorption behavior of

OPN, which can be used to develop new strategies for therapeutic
intervention of pathological calcification.

■ EXPERIMENTAL SECTION
Chemicals and Solution Preparation. For crystallization of

calcium oxalates, reagent grade sodium oxalate (Na2C2O4; J. T. Baker),
calcium nitrate tetra-hydrate (Ca(NO3)2·4H2O; J. T. Baker), sodium
chloride (NaCl; J. T. Baker) and sodium acetate (CH3COONa,
anhydrous; Sigma) were used to prepare calcium and oxalate stock
solutions as previously described.37 Recombinant full-length rat
osteopontin (recOPN) was expressed as an N-terminal His-tagged
protein following a protocol used for recombinant bone sialoprotein.38

The purified protein was analyzed by MALDI-TOF mass spectrometry
(MALDI-TOF MS; Bruker Reflex III) and a MW of 36 050 g/mol
determined. Phosphorylation of recOPN occurred by treating recOPN
with protein kinase CK2α expressed as a GST-tagged protein
following a protocol by Saad et al.39 MALDI-TOF MS revealed that
the MW of phosphorylated recOPN (p-OPN) is 36 694 g/mol. The mass
difference between recOPN and p-OPN (644 g/mol) corresponds to
8.05 phosphate groups. To verify identity, protein content and purity,
SDS-PAGE and amino acid analysis (Alberta Peptide Institute,
Edmonton, Canada) were used. For adsorption experiments, an
aqueous stock solution of 2 mg/mL (54.5 μM) p-OPN was prepared.

Crystallization and Adsorption Experiments. COM formation
was initiated by modifying a method previously described.28 In brief, a
custom-made Teflon block (Figure 2) containing three bottomless

reaction wells (diameter, 9 mm; height, 10 mm) was sealed by o-rings
(Viton) with optical cover glass (Fisher, 22 × 22 mm, No. 1) and
clamped using a microscopic slide as bottom cover. Before assembly,
the cover glass was treated in 7 wt % NaOH solution at 60 °C for
20 min to increase negative charge and pit densities of the substrate
surfaces in order to have the crystals stick better to the surface of the
glass coverslip.40−42 This treatment was necessary to prevent crystals
from moving during atomic force microscopy scans. All components
of the assembly were thoroughly rinsed in doubly distilled H2O with
sonication for 5 min before use.

For crystallization, the reaction assembly and all reaction solutions
were preheated to 37 ± 0.2 °C. Thereafter, oxalate solution was added
to the wells followed by water and calcium solutions (total volume:
500 μL) and the assembly incubated (Ultra Tec WJ 501 S) at 37 ±
0.2 °C for 3 h. The final concentrations were [Ca2+] = [C2O4

2‑] = 1 mM,
sodium acetate 10 mM and sodium chloride 150 mM. For some
reactions, pH measurements were carried out immediately after mixing
the solutions; the pH was always between 6.65 and 6.75.

For adsorption experiments, crystal growth solutions were
exchanged by low-supersaturated calcium oxalate solutions ([Ca2+] =
[C2O4

2‑] = 0.06 mM, preheated to 37 °C ± 0.2 °C) followed by the
addition of 0.4 mg/mL p-OPN to the wells containing preformed
crystals. The total volume was again 500 μL. After allowing adsorption
to the crystals for a period of 60 min (37 ± 0.2 °C), cover glass
samples were rinsed with deionized water, air-dried and stored in a
desiccators until further use.

TERS Setup. The TERS setup was composed of a Raman spectro-
meter (HR LabRam, Horiba-Jobin-Yvon) connected to an inverted
optical microscope (Olympus IX71) and interfaced with an atomic

Figure 1. Perspective view of a faceted COM penetration twin
depicting the main crystal faces of calcium oxalate monohydrate.

Figure 2. Sketch (not to scale) of a reaction well-containing Teflon
block for the growth of COM crystals.
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force microscope (AFM, NanoWizard II Bioscience, JPK Instruments
Inc.) to perform measurements in the transmission mode. This 5-axes
AFM is equipped with a high resolution piezoelectric x−y sample stage
and an x−y−z piezoelectric actuator to independently control the tip
position. The linearly polarized coherent laser beam (λ = 532 nm,
Compass 315 M laser) was focused on the sample using an objective
with a high numerical aperture (Olympus PlanAPO, N·A· = 0.95, ×100).
The same objective was used to collect the backscattered light. The laser
intensity at the sample was adjusted to 0.3 mW. The TERS probe was
attached to a piezoelectric stage and kept a few nanometers above the
sample surface employing a conventional AFM feedback mechanism.
AFM scans were conducted in noncontact mode using silver coated AFM
tips (NCL20 Nano World Inc.; resonance frequency f = 170 kHz, force
constant k = 48 N/m). Silver coating (30 nm layer) was carried out by
electron beam-induced thermal evaporation of the metal. The coated tips
were used within a day of coating. Here, 5−10 coated tips were used for
each facet, whereas an average of 1 in 5 tips provided large enhancement.
At the end of each experiment, a TERS experiment with the tip in
proximity to the glass surface was performed to test for a possible
contamination of the tip (see Supporting Information: Figure S1)

■ RESULTS

Raman reference spectra of both the phosphoprotein and the
calcium oxalate crystals were acquired (Figure 3). The most

intense Raman peak of p-OPN appears at 1465 cm−1 which
overlaps with a main peak of COM at 1464 cm−1. The presence
of OPN can however be distinguished from COM by monitor-
ing the intensity ratio for the wave numbers 1464 cm−1 and

1487 cm−1. The latter Raman peak is assigned to COM only.
Therefore, the larger the ratio I1464/I1487 is, the larger is the
amount of proteins adsorbed onto the crystal surface. The peak
assignments for both OPN and COM are shown in Table 1.
To investigate the adsorption pattern of OPN on the surface

of the COM crystals, we collected TERS maps of both p-OPN
adsorbed to {100} faces and p-OPN adsorbed to {010} faces.
The mapping was performed first within selected areas of 10 ×
10 μm2 near the extremities of the crystals. The lateral separa-
tion between adjacent pixels inside the mapping region was set
to be 250 nm. For each crystal face, collection of Raman signals
was carried out sequentially keeping the metallic AFM tip in
feedback with the surface of the sample. Prior to scanning, the
TERS tip was aligned to the focused excitation beam for each
crystal face analyzed. Spectra for maps were acquired using a laser
power of 0.3 mW at the sample plane for 1 s. Once all spectra
were collected, two sets of maps were generated by integrating the
Raman peaks at 1464 cm−1 (of COM and p-OPN; Figure 4a,d)
and the peaks at 1487 cm−1 (of COM only; Figure 4b,e). We then
evaluated the p-OPN distribution on the {100} and {010} crystal
faces by calculating the intensity ratios of 1464 and 1487 cm−1

peaks for four selected points on each of the two crystal faces. The
four points (black dots) are shown in Figure 4a,d, while the
spectra and associated ratios are shown in Figure 4c,f.
To clearly demonstrate the TERS effect, Raman spectra were

collected at three specific locations on both crystal faces using
an acquisition time of 600 s per point (Figure 5). For these
measurements, the tip was either kept in the near-field position
of the surface (typically 1−10 nm) or in the far-field above the
surface (∼ 1 μm). After measurements, TERS spectra were
derived by calculating the difference between the Raman spectra
acquired in near-field (green color) and the far-field (red color).
The near-field and far-field spectra along with the TERS spectra
(blue color) of each of these four points are shown in Figure 5.
As these TERS spectra represent Raman signals originating from
the crystal surface rather than the bulk, they contain a high
contribution of signals from the adsorbed p-OPN.
To further investigate the TERS enhancement effect and dis-

tribution patterns of p-OPN on surfaces of crystal faces (rather
than the edges), we performed mapping of 16 × 5 μm2 areas on
the crystal surface using the conditions described above (acquisition
time, 1 s; laser power, 0.3 mW at the crystal surface). For the
final maps, integration of the 1464 cm−1 peak was carried out.
The maps shown in Figure 6 correspond to a region in the
middle of the crystal with the tip either in the near-field of the

Figure 3. Raman spectra of the phosphoprotein p-OPN and COM
crystals. The acquisition times were 120 s for pOPN and 20 s for the
COM crystal using similar irradiation conditions. The spectrum of the
protein is multiplied by a factor of 10.

Table 1. Raman Peak Assignment for p-OPN and COM Crystals

p-OPN (cm−1) COM (cm−1) band intensity band assignment

503−595 w O−C−O bending43

608 w C−O bending vibration of amide VI band44

761 m Indole symmetric breathing mode of Trp,45 Symmetric stretching of O−P−O46

800−900 m Symmetric C−N−C stretching44

850−950 m C−C stretching43

915 m C−C stretching of side chains45

1050 s C−C stretching of side chains45

1062 m Symmetric P−O stretching vibration,47 C−N stretching of side chains45

1187 w CO−O-C stretching mode,48 Amide III49

1250−1350 w Amide III bending and stretching of backbone50

1300−1500 s Symmetric C−O stretching43

1425−1475 s CH2 scissoring or CH3 asymmetric stretching50

1550−1750 m Asymmetric C−O stretching,43 Amide I48,51
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sample (Figure 6a,c) or in the far-field (∼ 1 μm above the
sample; Figure 6b,d).

■ DISCUSSION
Shown in Figure 4 are the TERS maps and spectra taken from
COM {100} and {010} faces. Each collected signal includes
both the near-field contribution from the crystal surface
together with the far-field bulk signal from the crystal. Note:
TERS of {121} faces was not per formed, as these faces are not
accessible for the tuned AFM/Raman laser setup.
Figure 4a,d shows variations in intensities of the Raman peak

at 1464 cm−1 for {100} and {010} faces as well as the crystal
edges. Other bands of OPN such as 761 and 1062 cm−1 (see
Supporting Information: Figures S2−S5) were too weak to be
exploited. The measurements indicate the presence of p-OPN
and slight changes in thickness of the adsorbed protein layer,
which also results in changes of COM intensities. Comparing
the TERS spectra of the two maps shown in Figure 4a,d in-
dicates, by variations in intensity, that the phosphoprotein
tends to adsorb more to the extremities of the crystal. From

Figure 5. AFM images of (a) {010} and (b) {100} faces of COM along with Raman spectra (selected spots) of adsorbed p-OPN on COM faces.
The green, red, and blue spectra correspond to the near-field, far-field, and TERS spectra, respectively.

Figure 6. Raman intensity maps of p-OPN adsorbed to an {010} face:
(a) in TERS, (b) in standard Raman mode. Raman intensity maps of
OPN adsorbed to an {100} face (c) in TERS and (d) in Raman mode.
For both modes, the scanned area was set to be (20 × 5) μm2, using
330 nm steps along both directions. This results in a total of 900
measuring points.

Figure 4. TERS maps of p-OPN adsorbed to {100} and {010} crystal faces.
The color bars represent Raman intensity. Blue and white colors indicate
weak and strong Raman signals, respectively. (a and d) Maps resulting from
the integration of the OPN-1465 cm−1 peak on {100} and {010} faces
(signal of COM and p-OPN), respectively. (b and e) Raman intensity maps
resulting from the integration of the 1487 cm−1 peak of {100} and {010}
faces (COM only), respectively. (c and f) Raman spectra of four spots (see
(a) and (d)) selected from maps on {100} and {010} faces, respectively.
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these data, it is apparent that p-OPN adsorbs preferentially to
the edges between {100} and {121} faces and, rather marginally,
to the {010}/{121} edges. In addition, more intense Raman
signals at {100} faces suggest that p-OPN adsorbs more selectively
to {100} than to {010} faces. This outcome confirms recent find-
ings by Hunter and co-workers, who report that high Ca2+

densities on {100} faces promote the adsorption of the acidic
phosphoprotein.36,52 Moreover, adsorption of p-OPN to the edges
might be an effect of surface energies.28,52

To provide additional evidence for the presence and selec-
tivity of adsorbed p-OPN on COM faces, single spot TERS
measurements (four at each crystal face) and calculations of
intensity ratios (I1464/I1487) were carried out for each spot. On
the {100} face, these ratios were between 2.7 and 6, and for the
spots on the {010} face, ratios between 0.4 and 1.4 were calcu-
lated (the higher the ratio the higher the OPN concentration,
see above). Particularly for the {100} face (Figure 4c), large
ratios near the crystal edges were measured (points 1,2,4). For
the face itself (point 3), a ratio of 2.7 was received. This value is
relatively high compared to those measured for the {010} face
(Figure 4f). In addition, the {010}-ratios are more homoge-
neous and show a lower affinity for p-OPN to {010} faces. In
general, the adsorption profile found for p-OPN is in good
agreement with results achieved in previous studies using con-
focal fluorescence microscopy.28 There is, however, one impor-
tant difference. The semiquantitative results derived in the
present study clearly show that p-OPN does not only adsorb
relatively strong to {100}/{121} edges, a fact also reported by
Taller et al.,28 but also to {100} and (marginally) to {010}
faces. In contrast, confocal fluorescence microscopy used by Taller
et al. showed very weak (if at all) and undistinguishable binding
to {100} and {010} faces.28 Indeed, Hunter et al. have reported
slight OPN adsorption to {100} faces but no protein-binding to
{010} faces, as well.36 Therefore, using the sensitivity of TERS
allowed us to specify the selectivity of OPN adsorption with
very high accuracy, finally indicating an order of adsorbed
p-OPN of {100}/{121} edges > {100} faces > {010} faces. On
the basis of the p-OPN concentration used (0.4 mg/mL) in the
present study and the treatment of the samples after adsorption
(rinsing the crystals and removing excess of p-OPN [desorption of
physisorbed protein]), it is proposed that the p-OPN layers
detected by TERS are strongly bound (chemisorbed) protein. In
contrast, Taller et al. used very low concentration (1 μg/mL) to
study the selectivity (chemisorption) of OPN binding in situ.28

Both methods reveal binding affinities to COM edges and faces
which are quite comparable, with the obvious difference that
TERS is more sensitive. The fact that Hunter et al. found more
OPN bound to {100} faces than Taller et al. suggests an effect of
the adsorption time.28,36 Using the same in situ method, Hunter
et al. adsorbed for ≥90 min, whereas Taller et al. used 60 min, like
the present study. It is assumed that these longer treatments
applied by Hunter et al. resulted in higher adsorption rates of
(physisorbed) OPN to {100} faces.36 Moreover, the adsorption
profile found in the present study directly mirrors the growth in-
hibition profile reported in recent studies.28,29,36 These studies
indicated strong interactions of the protein with {100}/{121}
edges, weaker OPN effects on {100} faces and marginally affected
{010} faces when COM was grown in the presence of higher
concentrations (5 μg/mL).
Another advantage of TERS (compared to conventional fluo-

rescence microscopy) is the possibility to highly resolve varia-
tions in surface roughness, an ability similar to that of AFM
(Figure 4b,e). Using the 1487 cm−1 peak of COM investigations

indicates that the {010} face shows more homogeneity rather
than the {100} face.
Further experiments were performed to estimate the en-

hancement factor of TERS. To this end, two different sets of
spectra were measured: one set (3 spots) in near-field and one
set (3 spots) in far-field. Figure 5 clearly shows that a spectrum
with higher intensity is obtained (green spectra) when the AFM
tip is in near-field position also indicating a higher sensitivity of
the near-field mode. The adsorption pattern found by TERS is
therefore extractable by performing both near-field and far-field
maps. The resulting TERS (blue spectra) is, in turn, the intensity
difference between the spectra collected in far-field and in near-
field, respectively. This method provides qualitative insights into
features of the crystal surface and gives an idea of the tip-
enhancement factor.
In the following, we will have a brief look at this effect. An

estimation of the enhancement by the TERS effect can be
carried out considering two factors. First, the optical contrast
between the near-field and far-field, which can be derived by
calculating the ratio between the enhanced and nonenhanced
contributions.7

=C
S
S
nearfield

farfield (2)

In eq. (2), Snearfield and Sfarfield are the enhanced and non-
enhanced contributions of the Raman signal, respectively. A
second factor is the geometrical dimension of the focal point
and the AFM tip. Here, the tip diameter and its shape as well as
the geometry of the focused beam at the crystal face have to be
considered. For the area of the diffraction-limiting focal spot,
we can show that

π=A rfarfield laser
2

(3)

with rlaser being the radius of the focused laser.7

The area from which the near- field signal is generated can be
approximated by:7,49

π=A rnearfield tip
2

(4)

where rtip is the radius of the tip. The TERS enhancement
factor (EFTERS) can then be calculated according to:

= C
A

A
EFTERS

farfield

nearfield (5)

Considering a laser spot diameter of 275 nm and a tip diameter
of 20 nm, we obtain Afarfield ∼ 0.06 μm2 and Anearfield ∼ 3 × 10−4

μm2, respectively. At the best, a contrast factor of C = 1.5 (see
eq. (2)) can be determined from the difference of intensities
between the near-field and the far-field Raman spectra (Figure 5b,
points 1−3, peak at 1464 cm−1). This yields to an enhancement
factor of EF ∼ 300. This value can be compared to enhancement
factors reported in the literature for similar TERS experiments,
covering a wide range from EF = 14 to 108 (using comparable
setups and experimental conditions, but different samples).9,19,49,53

The TERS spectra shown in Figure 5a for points 1−3 are
weaker compared to the spectra (points 1−3) shown in Figure 5b.
This is caused by a smaller enhancement factor for signals taken at
{010} and confirms again the preference of OPN for the {100}
face. Figure 5b shows that the TERS signal measured in Point 1
(located at the edge between {100} and {121} faces) is the most
intense, suggesting a high affinity of OPN to these edges.
Intensity maps of larger areas were measured in near- and far-

field (Figure 6) to get more information about the overall
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distribution of p-OPN adsorbed to crystal faces. In general, these
maps validate the results and data described above (Figure 4). It is,
however, important to note that OPN also shows tendencies to
adsorb to the edges between {100} and {010} faces of COM
(Figure 6a,c), a result not detected in previous fluorescence
studies.

■ CONCLUSIONS
In summary, we have demonstrated for the first time that tip-
enhanced Raman spectroscopy can provide valuable insights
into the adsorption behavior of OPN on calcium oxalate mono-
hydrate crystals without any need to label the protein. Despite
the fact that some factors such as the quality of the metal
coating of the TERS tip can influence the spatial resolution of
this technique, our findings provide valuable insights into the
adsorption pattern of the phosphoprotein to COM crystal
faces. On the basis of the results of this study, OPN tends to
adsorb preferentially to {100}/{121} edges at the ends of the
crystal and, less preferentially, to {100} faces. We also observed
some adsorption to {010}/{121} and {100}/{010} edges. The
final adsorption pattern found shows the preference: {100}/
{121} edge > {100} face > {100}/{010} edge ≈ {121}/{010}
edge > {010} face. The fact that the {100} face exhibited more
adsorbed OPN than the {010} face is presumably related to the
higher Ca2+ ions density on the {100} face. Adsorption to the
edges might be a result of higher surface energies in these regions.
In general, it was shown that TERS is a label-free, highly sensitive
and noninvasive technique, which is able to show detailed informa-
tion of the adsorption pattern of proteins, a method also useful for
studying other systems such as self-assembled, layered or arrayed
structures.
Abbreviations. AFM, Atomic Force Microscopy; STM,

Scanning Tunneling Microscopy; COM, Calcium Oxalate
Monohydrate; p-OPN, phosphorylated recombinant osteopon-
tin; MALDI-TOF, Matrix Assisted Laser Desorption/Ionization
linear time of flight spectroscopy; TERS, Tip-Enhanced Raman
Spectroscopy; s, strong; w, weak; m, medium.
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