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The genesis of bone and teeth involves highly coordinated processes, which involve multiple cell types
and proteins that direct the nucleation and crystallization of inorganic hydroxyapatite (HA). Recent
studies have shown that peptides mediate the nucleation process, control HA microstructure or even
inhibit HA mineralization. Using phage display technology, a short peptide was identified that binds to
crystalline HA and to HA-containing domains of human teeth with chemical and morphological speci-
ficity. However, the binding affinity and specific amino acids that significantly contribute to this inter-
action require further investigation. In this study, we employ a microfluidic chip based surface plasmon
resonance imaging (SPRi) technique to quantitatively measure peptide affinity by fabricating a novel 4
layer HA SPR sensor. We find the peptide (SVSVGMKPSPRPGGGK) binds with relatively high affinity
(KD ¼ 14.1mM � 3.8 mM) to HA. The independently measured amino acid fragment SVSV seems to impart
a significant contribution to this interaction while the MKPSP fragment may provide a conformational
dependent component that enhances the peptides affinity but by itself shows little specificity in the
current context. These data show that together, the two moieties promote a stronger synergistic binding
interaction to HA than the simple combination of the individual components.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Normal and pathological mineralization of calcium phosphates
are critical biological processes impacting both the medical and
tissue engineering fields. One prominent polymorph of calcium
phosphate essential during the normal mineralization processes of
both teeth and bone matrix formation is hydroxyapatite (HA).
Similarly, however, pathological derivatives of this mineral, such as
carbonate-substituted hydroxyapatite, are implicated in osteoar-
thritis as well as other forms of degenerative arthritis [1]. As with
all biological processes, a sensitive balance exists at multiple levels
of regulation in which introduction or absence of one or more
mediators can tip the balance in favor of normal or pathological
biomineralization. The formation of the hydroxyapatite phase
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during normal biomineralization processes, such as osteogenesis
and odontogenesis, is regulated by a complex orchestration of
multiple cell types and numerous proteins. In the context of bone
formation (osteogenesis), proteins such as bone sialoprotein,
osteonectin, osteocalcin, and collagen I interact with HA to
template the localized mineralization of HA, giving rise to the
microstructures observed in bone which strongly contribute to its
mechanical properties [2–6]. Similarly in tooth formation (odon-
togenesis), dentin matrix protein and statherin are implicated in
regulating mineralization of calcium phosphate precursors into HA
[7–9].

Despite the wealth of literature devoted to studying the bone
biomineralization process during osteogenesis and identifying
potential mediators, a coherent mechanism remains elusive due in
part to the limitation of the current measurement methods. Indirect
measurement techniques such as the von Kossa assay, ortho-cre-
solphthalein complexone, and Alizarin red [10–12] methods are
destructive and purely endpoint measurements. Further, each
method only identifies the presence of calcium and is not sensitive to
the chemical composition or to the specific polymorphs of calcium
phosphate such as HA [13]. Robust, new probes with both chemical
and morphological specificity, perhaps coupled to a fluorescent
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reporter are necessary to advance our understanding of the HA
mineralization process.

Small peptides are finding widespread utility as material
specific probes. Several synthetic peptides containing amino acid
sequences from HA interacting proteins, like those listed above,
have been shown to promote or inhibit HA crystallization and
interact directly with HA [2,8,9,14–16]. In efforts to improve upon
nature, genetically engineered peptides that recognize other inor-
ganic materials including Au, Ag, and Pt have been identified using
combinatorial screening methods like phage display [17–22].
Recently, a peptide sequence that bound preferentially to HA over
its amorphous calcium phosphate precursor was identified with
phage display; however, measuring a quantitative binding affinity
proved challenging [23]. Subsequent peptides that bind to calcium
phosphate substrates have been found but again quantitative
affinity measurements and insight into the mechanism of binding
remain incomplete [24].

Investigators address these issues by using quartz crystal
microbalance (QCM), atomic force microscopy (AFM) and surface
plasmon resonance (SPR) [23,25–27]. SPR and SPR imaging have
developed into major quantitative techniques for measuring the
adsorption kinetics of small peptides onto a diverse set of material
substrates [28,29]. However, a HA chip for use in the SPR imaging
configuration was not previously available. In this effort, we used
SPRi in conjunction with a novel HA coated sensor to quantify the
binding affinity of a previously identified hydroxyapatite-binding
peptide [23]. We further examine which amino acid segments
contribute to the binding to aid future probe development while
also lending insights into the potential mechanism(s) of binding.

2. Materials and methods

2.1. Peptides

Previously, phage display technology was used to identify the peptide sequence
(HA-1, SVSVGMKPSPRPGGGK-biotin) which binds with high affinity to crystalline
hydroxyapatite, as well as the hydroxyapatite-containing portions of human teeth
[23]. This sequence, a scrambled sequence (Scram, PKGPSVMGGR-biotin) and two
fragment sequences (HA-2, SVSVGGK-biotin; HA-3, VSMKPSPGGGK-biotin) were
synthesized using standard FMOC solid phase peptide synthesis techniques with
double coupling (Advanced ChemTech Apex 396), purified by dialysis in de-ionized
water (molecular mass (MW) cutoff 1000 g/mol, cellulose membrane, Spectra) then
dried and stored at�20 �C. Each peptide sequence contained a C-terminal biotin (-b)
group. The dried peptides were re-hydrated in a 25 mmol/L 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer made with ultra-pure de-ionized
water (Milli-Q, Millipore).

2.2. Fabrication and characterization hydroxyapatite substrate

Hydroxyapatite (HA) substrates consisted of a base, glass substrate
(25 mm � 50 mm, Fisher Scientific) which was cleaned by O2 plasma treatment for
5 min (Plasma Prep Jr., SPI Supplies West Chester PA). To this base, thin films of Cr
(0.6 nm), Ag (50 nm), TiO2 (2.8 nm) and hydroxyapatite (10 nm–20 nm) were
patterned by sequential layer sputtering in an argon atmosphere at 25 �C (Denton
Vacuum Discovery-550). A custom target was used to create the thin layer of
hydroxyapatite (Ca10 (PO4)6(OH)2, Cerac Specialty Inorganics). The Cr and Ag layers
were deposited using Direct Current (DC) mode, while TiO2 and HA were deposited
with Radio Frequency (RF) mode. The thicknesses of the individual layers were
determined by both material deposition rates and Fresnel estimates. Surface
morphology and uniformity were visualized by Atomic Force Microscopy (AFM,
Veeco Dimension 3100) and Scanning Electron Microscopy (SEM, Zeiss Ultra-60). To
prevent surface charging and enhance contrast during SEM imaging, samples were
briefly sputtered with Au. The four films were also deposited on polished Si
substrates (Wafer World, Inc) for SEM imaging and X-ray photoelectron spectros-
copy (XPS) analysis. XPS was used to conduct an elemental analysis of the
hydroxyapatite substrate. Spectra were obtained on a Kratos AXIS Ultra DLD spec-
trometer with a monochromatic Al x-ray source (1486.7 eV) operating at 140 W
under 1.0� 10�9 Torr vacuum. Measurements were performed in hybrid mode using
electrostatic and magnetic lenses, and the take-off angle was 0� (angle between the
sample surface normal and the electron optical axis of the spectrometer), which
yields a maximum sampling depth of approximately 8 nm [30]. Atomic concentra-
tions were calculated from survey spectra, collected over a binding-energy (BE)
range from 1100 to 0 eV using a pass energy of 160 eV, energy resolution of 0.2 eV,
and a 500 ms dwell time. High resolution (region) scans were collected using a pass
energy of 20 eV and a sweep time of 60 s. The number of sweeps for survey and
region scans was 2 and 3, respectively. A flood gun was used for charge neutrali-
zation, and all spectra were shifted with respect to the C 1s peak at 284.6 eV. Two
spectra were acquired for each sample. A clean Si wafer specimen was also measured
as a control. Peak areas for Ca 2s, P 2p, O 1s and C 1s were fitted using a Levenberg–
Marquardt algorithm assuming a linear background (CasaXPS software).

2.3. Micro-channel construction

A multi-channel microfluidic device consisting of six, parallel flow channels
measuring 40,000 mm � 300 mm � 120 mm (L � W � H) was constructed using
standard soft lithographic techniques [31,32]. Briefly, Su8-50 photoresist (Micro
Chem) was spun cast onto a Si wafer and then selectively polymerized using
ultraviolet light shone through a lithographic mask containing the design, creating
positive micro-channel features. Polydimethylsiloxane (PDMS, Dow Corning Sylgard
184) was then cast onto the patterned Si wafer, cured at 70 �C overnight, cut to size
(50 mm � 25 mm) and then attached to the HA substrate to create an SPR
compatible flow-cell.

2.4. Surface plasmon resonance (SPR) imaging setup

A custom SPR imaging system Kretschmann configuration, SPR BioSystems was
built around a sapphire prism (n ¼ 1.77) and 514 nm light emitting diode (LED)
source (LE-1G, WT&T Inc). The reflected intensity (R) of both p- and s-polarized LED
light (Rp and Rs) was collected with a cooled CCD camera (Retiga 2000RV, QImaging).
Computer imaging software (StreamPix NorPix Inc.) was used to capture images of
1) reflected intensities from (Rp and Rs) illumination at different angles of incident
and 2) images of reflected p-polarized light (Rp) at a fix incident angle as a function
of time. ImageJ (Rasband, W.S., National Institute of Health, Bethesda, MD, USA,
http://rsb.info.nih.gov/ij/) was used to extract from the collected images, the average
intensities of a central region of interest (ROI, 600 pixels � 12 pixels) within an
individual flow channel. Using capture method 1 and ImageJ, the characteristic
reflectivity (Rp/Rs) vs. incident angle (q) curve of each channel was constructed. This
was done first for incident angles of 57�–85� at increments of 0.1�. Based on the
position of the resonance angle (qR) incident q at which the reflectivity (Rp/Rs) is
a minimum), a second reflectivity (Rp/Rs) curve was constructed from a narrower
range of incident angles (typically 66�–78� at 0.05�). The principally parabolic curve
was fit to a 6th order polynomial using least square regression and the derivative of
this function was calculated to identify the SPR imaging angle (qi), the angle that
yields maximum sensitivity in Rp/Rs changes and corresponds to the inflection point
of the Rp/Rs curve and is < qR. For real time measurements of Rp using capture
method 2, the incident angle was fixed at qi (typically 74�–76�). In this case,
reflectivity (Rp/Rs) is calculated based on an initial measurement of Rs (qi) when
determining the reflectivity curve and assumed to remain constant during the time
course over which Rp is collected. This assumption appears to be valid because Rs did
not change significantly over the duration of the experiment, presumably due to the
stability of the LED illumination source.

2.5. Peptide binding experiments and SPR image analysis

All micro-channels were treated with a 5 mg/mL bovine serum albumin (BSA)
solution for z 1 h at 25 �C to minimize the non-specific adsorption of peptides to the
PDMS during binding experiments. The PDMS micro-channels were then washed
with de-ionized water (18 MU cm�1) and dried. Finally, the channels were secured to
the HA substrate and optically coupled to the prism of the SPR setup with immersion
oil (n ¼ 1.522). Peptide solutions were prepared in 25mM HEPES buffer (pH 7.4) at
several concentrations (200, 100, 50, 25, and 10 mM). It should be noted that buffers
containing sodium chloride (i.e., PBS or TBS buffers) could not be used with the HA
substrate due to the ability of such buffers to penetrate the outer layers and react
with the silver layer. Syringe pumps (Braintree Scientific Inc.) were used to introduce
only HEPES buffer for 10 min–15 min at a flow rate of 2.5 mL/min to establish
a baseline. After characteristic reflectivity curves were collected and the imaging
angle set, a specific peptide concentration was flown into individual channels at
a flow rate of 2.5 mL/min. Once an initial positive change in the average reflected
intensity (p-polarized light) was observed, the peptide was infused for z 45 s (z1
channel volume) and then flow was stopped by turning the pump off and closing
a syringe valve, creating a pseudo-static condition for steady-state measurements
and allowing the system to approach equilibrium. Images of Rp were collected every
5 s for 20 min–30 min at 400 ms exposure time and converted to reflectivity (Rp/Rs)
within the ROI. A baseline reflectivity [Rp/Rs]B value, time average of Rp/Rs values
over the first 5 min, was subtracted from the Rp/Rs data set to yield the change in
reflectivity (D(Rp/Rs)), which is equivalent to the typical % R reported in the literature
divided by 100%. This data treatment typically resulted in very small D(Rp/Rs) values
that fluctuated around zero until peptide adsorption began (shortly after 5 min),
indicated by increasing positive D(Rp/Rs) values. These positive D(Rp/Rs) values were
reported and are theoretically proportional to the amount of peptide binding to the
HA surface. From this data, peptide binding kinetics and steady-state behavior in
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each channel were measured under the static conditions at 25 �C for 20 min–30 min
or until the system approached equilibrium.
Fig. 1. Surface plasmon resonance imaging system. (a) A glass substrate (n ¼ 1.522)
was patterned by sputtering thin layers of Cr, Ag, TiO2, and hydroxyapatite (HA)
sequentially on a central region (z10 � 25 mm). (b) This HA coated chip was then
attached to a PDMS based microfluidic device containing six flow channels. (c) The
coupled device is optically joined to a sapphire (n ¼ 1.77) prism with immersion oil
(n ¼ 1.522). The image intensities of both reflected p- and s-polarized light from
a 514 nm LED source is collected with a CCD camera. Peptides are introduced into
a microfluidic channel and adsorption events are measured as changes in reflectivity,
the ratio of reflected p- to s-polarized image intensities (Rp/Rs).
3. Results

3.1. Hydroxyapatite SPR chip fabrication

Combinatorial phage display has played an essential role in
identifying specific peptide sequences that exhibit high affinity for
both organic and inorganic materials. This technique was used
previously to identify a novel peptide, consisting of 12 amino acids
(Table 1, HA-1), that showed chemical and morphological speci-
ficity towards crystalline hydroxyapatite [23]. The binding constant
and amino acid moieties contributing to the peptide affinity,
however, were not quantitatively characterized. In order to
complete the characterization of this peptide–mineral interaction,
we employed surface plasmon resonance imaging (SPRi). This
surface sensitive technique allows adsorption of small molecules to
a substrate possessing a thin metal film (typically Au or Ag) to be
monitored in real time by measuring changes in the intensity of
reflected light, which corresponds to small changes in the refractive
index at the surface. A custom built SPRi system was used to
measure the peptide binding kinetics of the HA-1 peptide as well as
two peptide fragments (HA-2 and HA-3) derived from HA-1. To
account for any non-specific binding to a hydroxyapatite coated
substrate, a scrambled peptide (Scram) was used. The amino acid
sequences and general properties of the peptides used in this study
are given in Table 1.

The ability to accurately measure any specific interaction
between these small peptides and HA is dependent on the multi-
layer, sensor platform. We chose to build our SPRi sensor surface
atop a basic glass (n ¼ 1.522) substrate. Four thin films were
sequentially sputtered on the glass substrate in a rectangular
pattern (Fig. 1 a). The number, thickness and composition of each
thin film affect the intensity and shape of the measured SPR signal,
the reflectivity (Rp/Rs). Our sensor consisted of a very thin layer of
Cr (0.44 nm–0.6 nm) to provide a robust adhesive layer for the
second metal layer, Ag (50.7 nm–53.6 nm). Ag was chosen over Au
because it provides the sharpest SPR signal, enhanced penetration
length and is reported to have greater sensitivity to thickness and
refractive index variations [33–37]. Despite these advantages, Ag is
chemically unstable and prone to oxidation in both air and aqueous
environments. To eliminate this disadvantage, a thin layer of TiO2

(1.1 nm–2.8 nm) was deposited to both protect the Ag layer and
provide an adhesive layer for the final HA (10 nm–20 nm) layer. To
complete the SPR sensor, a microfluidic device with 6 parallel flow
channels was fabricated using standard soft lithographic tech-
niques [31,32] and attached to the SPR sensor (Fig. 1b). This flow-
cell was optically coupled to the prism in our SPRi system with
refractive index-matching immersion oil (Fig. 1 c and Materials and
methods). When the prism is illuminated with p-polarized light at
Table 1
Amino acid sequences and physicochemical properties of HA binding and
non-binding peptides.

Peptide Sequence MW
(g/mol)

Charge (e)a Pi
(pH unit)

GRAVYb

HA-1 SVSVGMKPSPRPGGGK-b 1767.3 3 11.82 �0.675
HA-2 SVSVGGK-b 934.2 1 9.69 0.213
HA-3 VSMKPSPGGGK-b 1288.7 2 10.8 �0.7
Scram PKGPSVMGGR-b 1286.7 2 11.66 �0.718

NOTE: GGGK, GGK and GGR are glycine spacer sequences for biotin-b.
a e: elementary net charge.
b GRAVY: grand average hydropathicity.
an incident angle (q) above the critical angle, total internal reflec-
tion occurs. The evanescent wave that is generated excites surface
plasmons, longitudinal charge density waves, which propagate
along the interface between the Ag and adjacent layers. When the
surface plasmons are maximally excited, a minimum in the Rp/Rs is
observed and the incident angle at which this occurs is referred to
as the resonance angle (qR). Both qR and the Rp/Rs (as a function of q)
are dependent on changes in the refractive index and thickness at
the sensor surface. The peptides under investigation are flown into
the flow-cell and their adsorption to the HA surface changes the
local refractive index at the surface, which shifts the location of qR.
Thus, the amount of peptide adsorbed to the surface is proportional
to changes in qR as well as Rp/Rs under certain conditions. This DqR

is proportional to the density of adsorbed molecules at the surface
[38]. In summary, the custom SPR imaging system designed and
used here represents a hybrid SPR instrument that can make full
angle resonance scans and single angle image scans for multiple
parallel flow channels simultaneously. We use the angle resonance
scans for characterization of the HA substrate and single angle
imaging, reported here as DRp/Rs, for the kinetics of HA-1 peptide
binding.
3.2. SPR data modeling and interpretation

Every SPR sensor has a unique reflectivity curve with feature
characteristics that are dependent on the thickness and refractive
index of each layer. Due to the sensitivity of this technique to
minute changes in the surface composition, it is essential that the
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reflectivity curve describing the system be measured. First, we
confirmed that our sensor supports surface plasmon generation by
successfully measuring a reflectivity curve (Fig. 2 a). Next we used
a multi-layer Fresnel model, implemented using a custom MATLAB
code, to estimate the reflectivity (Rp/Rs) as a function of incident
angle (q) for our four layer sensor. After applying a least square
parameter fit, the Fresnel description showed good agreement with
our experimental data (Fig. 2 a) and gave thickness estimates for
each layer [Cr (0.44 nm), Ag (53.6 nm), TiO2 (1.1 nm) and HA
(22 nm)] similar to those measured by deposition rate/sputter time
[Cr (0.6 nm), Ag (50.7 nm), TiO2 (2.8 nm)], AFM and SEM [HA
(10–25 nm)]. The change in reflectivity D(Rp/Rs) measured by our
SPRi system, at a fixed q, is proportional to DqR (i.e. density of
surface absorbed molecules); however, this relationship holds only
for D(Rp/Rs) < 0.06 (Fig. 2b). Further, our SPRi system is theoreti-
cally capable of detecting changes in refractive index of z 5x10�5

refractive index units (RIU).
Fig. 2. Hydroxyapaite coated substrates support surface plasmon resonance and
adsorption measurements. (a) Experimental reflectivity (Rp/Rs) (‘data’-dashed line)
measured as a function of the incident angle of LED light (514 nm) show the multi-
layer chip exposed to water exhibits a classical surface plasmon resonance (SPR) curve
with a clear resonance angle, incident angle at which Rp/Rs is minimum. The predicted
curve of a six layer Fresnel model (‘fit’-solid line) shows good agreement with
experiential data and provides estimates for the thickness of each sputtered layer.
(b) Changes in the refractive index (n) at the substrate surface, due to the adsorption of
small molecules, will shift the SPR resonance angle (qR) to the right. A linear rela-
tionship exists between Dq and Dn (triangles). SPR imaging relies on measuring
changes in reflectivity D(Rp/Rs) at a fixed incident angle which is linearly proportional
to Dn (circles) initially, but then deviates above 0.06 D(Rp/Rs) or 0.004 Dn. This implies
that fixed angle, reflectivity measurements using the HA coated substrate and our
SPRi system are only proportional to the density of adsorbed small molecules if
D(Rp/Rs) < 0.06.
3.3. Hydroxyapatite SPR chip characterization

Hydroxyapatite (HA) [Ca5(PO4)3(OH)] is one of several forms of
calcium phosphate (CP) including: amorphous calcium phosphate
ACP [Ca3(PO4)2 $xH2O], monocalcium phosphate [Ca$(H2PO4)],
dicalcium phosphates (DCPs) [Ca(HPO4)2$xH2O], tricalcium phos-
phates (TCPs)[a- and b- Ca3(PO4)2], and octacalcium phosphate
(OCP) [Ca8H2(PO4)6$xH2O]. Among these, HA is the most stable and
is the prominent inorganic component in both teeth and bone. To
generate thin films of HA for our SPRi sensor, a custom sputtering
target was made by sintering crystalline HA (see Materials and
methods). For characterization purposes, HA was sputtered onto
a clean Si wafer and analyzed with x-ray diffraction (XRD) and x-ray
photoelectron spectroscopy (XPS). Not surprisingly, XRD
measurements yielded a very weak signal making reliable diffrac-
tion patterns difficult to discern from background (data not shown)
[39]. With lattice constants a ¼ 0.9418 nm and c ¼ 0.6884 nm for
HA, it is possible that the microscopic amounts and sizes of the
sputtered HA crystallites in addition to their random orientations
on the surface prevented detection of the classical XRD pattern,
Fig. 3. XPS spectrum confirms the presence of hydroxyapatite. (a) A survey spectrum
for a Si wafer sputtered with a thin layer of hydroxyapatite (10–20 nm) shows char-
acteristic Ca, P, and O intensity peaks comparable to those found in the NIST standard
reference material, but yields a higher Ca/P ratio (1.85) than the stoichiometric value
for pure HA (1.667). (b) Inspection of carbon contamination, C (1s) XPS peak intensi-
ties, reveals a peak at higher binding engery (289.3 eV) which corresponds to
carbonate (CO3

�2). Taking into account that CO3
�2 ions can pair with Ca2þ and consider

only Ca2þ and PO4
3þ pairings, an adjusted Ca/P ratio (1.52) was estimated which agrees

with reported Ca/P values for HA determined using XPS (1.46–1.59).
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typically seen for HA crystals 0.25 mm � 1.5 mm (width � length)
[39–41]. Using XPS, we confirmed the presence of the elemental
components of HA (Ca, P, and O) and found the survey spectrum
qualitatively matched that reported in literature for the NIST
standard reference HA (Fig. 3 a) [42]. Additionally, the peak posi-
tions of the Ca (2p), P (2p) and O (1s) orbitals correspond to the BEs
reported in literature for HA [43](data not shown). In order to
further confirm the phase(s) of calcium phosphate on the surface,
we calculated the Ca/P from the XPS peak ratios of the core levels of
the P (2p) and Ca (2p) orbitals. The stoichiometric Ca/P ratio for HA
is 1.667; however, the XPS Ca/P ratios (Ca/PXPS) reported for HA are
consistently lower, ranging from 1.46 to 1.59 [42,44,45]. We initially
calculated a relatively high Ca/PXPS ¼ 1.85 � 0.03 (mean� standard
deviation). Upon further examination of the survey spectrum,
a small, secondary peak adjacent to the C (1s) peak was observed at
289 eV (Fig. 3b), which indicates the presence of carbonate (CO3

2þ)
[42,43]. Carbonate can typically incorporate into various calcium
phosphates, as CaCO3, during synthesis due to the presence of CO2

in the air and solutions [46,47]. An adjusted Ca/PaXPS ratio of
1.52 � 0.06 was calculated according the method described by Lu
et al. that takes into account the carbonate impurities. This value
agrees well with those reported in literature and provides evidence
that our surface is indeed coated with HA. Although we cannot rule
out the possibility that a small fraction of b-TCP (Ca/PXPS z 1.40)
coexists with the HA, the presence of ACP (Ca/PXPS z 1.13) and
Fig. 4. RF sputtered HA shows random surface morphology and macroscopic unifor-
mity. (a) AFM phase image (5 � 4 mm) acquired in dynamic force mode (DFM) shows
nanometer sized islands randomly spaced across the surface of the multi-layer SPR
sensor (Cr, Ag, TiO2, and HA). Scale bar ¼ 500 nm (b) SEM imaging of the SPR ship
shows surface features analogous to those observed with AFM and reveals a level of
microscopic heterogeneity. Scale bar ¼ 500 nm.
other unstable phases seems less likely [44]. The morphology of the
sputtered HA was assessed by AFM and SEM (Fig. 4 a and b). Both
methods showed a random, cobble-stone pattern with feature sizes
on the order of <100 nm with a relative degree of microscopic
heterogeneity and macroscopic uniformity similar to RF sputtered
HA reported in literature [48–50].

3.4. HA-1 binding affinity

To characterize the binding affinity of our HA-1 peptide toward
HA, we combined PDMS microfluidic channels and SPRi to deliver
the peptide at a set concentration and then monitor the binding
kinetics in real time. The experiments were conducted under quasi-
static conditions (see methods) and the change in reflectivity
D(Rp/Rs) was measured at various peptide concentrations. Fig. 5a
shows average reflectivity measurements (n ¼ 3) as a function of
time for different concentrations of HA-1 peptide. For each HA-1
peptide concentration, the reflectivity approached an equilibrium
Fig. 5. HA-1 peptide binds with high affinity to hydroxyapatite coated substrate. (a)
The adsorption kinetics as measured by the change in reflectivity D(Rp/Rs) vs. time of
various HA-1 peptide concentrations (inset) were monitored using SPR imaging. Each
kinetic profile approaches a concentration-dependent steady-state D(Rp/Rs). (b)
Steady-state binding data for two peptides are shown; scrambled peptide (red
symbols, n ¼ 1) and the HA-1 peptide (blue symbols, n ¼ 3). The scrambled peptide
(Scram) bound non-specifically to the HA coated surface, while HA-1 exhibits both
specific and non-specific binding characteristics. The solid lines and dashed lines
represent model fits of the data and 95% confidence intervals, respectively. The error
bars represent � the standard error.



Fig. 6. HA-1 peptide fragments bind to hydroxyapatite. The adsorption kinetics, measured by the change in reflectivity D(Rp/Rs) vs. time, at various concentrations (inset) of the (a)
HA-2 and (c) HA-3 peptide fragments were monitored using SPR imaging. Each profile shows concentration-dependent kinetics and steady-state D(Rp/Rs). Steady-state binding data
for (b) HA-2 and (d) HA-3 (blue symbols, n ¼ 3 for both) show specific and non-specific binding characteristics, respectively. The solid lines and dashed lines represent model fits of
the data and 95% confidence intervals, respectively. The error bars represent � the standard error.

Table 2
Fundamental model describing specific and non-specific interaction between the
HA substrate and peptides.

Parameters Description Equations

r reflectivity change, DRp/Rs ra ¼ BmaxLo

ðKD þ LoÞ
þ KNLo

KD dissociation constant
KN non-specific association constant
Bmax maximum reflectivity change, DRp/Rs rb ¼ KNLo

Lo peptide concentration

a ¼ specific and non-specific binding model.
b ¼ non-specific binding model.
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after 20 min–30 min and stabilized at a value corresponding to
amount of surface bound HA-1 peptide at equilibrium. The data
also verify that our D(Rp/Rs) measurements fall within the range
where D(Rp/Rs) is proportional to DqR and thus, HA-1 peptide
surface density. It was difficult to observe a clear concentration
dependence in the rate of adsorption which we attribute to batch-
to-batch variability in the HA substrates (Fig. 5a). Subsequent
peptide binding experiments were carried out using HA substrates
of the same batch and as expected a more clear concentration
dependence was observed (Fig. 6). The measured equilibrium,
D(Rp/Rs), however, still provided a robust measure of HA-1 peptide
affinity to HA. The amount of HA-1 peptide bound at equilibrium
appears to plateau as initial peptide concentration increases, sug-
gesting saturation of HA binding sites with peptide and indicating
specificity; but, the gradual, near linear increase at higher initial
HA-1 peptide concentrations suggests non-specific binding, and
possibly layering, was also occurring (Fig. 5b). To estimate the
degree of non-specific binding, the HA substrate was challenged
with a scramble peptide sequence (Scram). A linear relationship
was observed between the Scram peptide D(Rp/Rs) bound at equi-
librium versus initial Scram peptide concentration, indicating a low
level of non-specific binding occurs on the HA substrate (Fig. 5b).
In order to quantify the affinity of both the specific and non-
specific interactions, two simple models were applied to each data
set. Model ra describes both specific and non-specific peptide binding
to the HA substrate (Table 2). This model assumes a monovalent,
receptor (HA) and ligand (peptide) interaction, where the number of
receptors/binding sites (HA crystals) remains constant and uniform,
and that peptide depletion is negligible. Model rb describes only the
non-specific peptide binding and assumes that the rates of associa-
tion and dissociation of the peptide are more rapid compared to the
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respective association and dissociation rates for the specific peptide-
HA interaction (Table 2). Lastly, all binding events, specific and non-
specific, are assumed to be reversible. Fitting the equilibrium D(Rp/Rs)
Scram peptide data to model rb provided an estimate of the non-
specific association constant KN (Fig. 5b and Table 3). Additionally,
Bmax was estimated by calculating the difference of the average D(Rp/
Rs) at 100 and 200 mM for the HA-1 peptide and Scram peptide signals,
which can be thought of as an observed, maximum number of
binding sites. This parameter was assumed to be constant and fixed
for all subsequent fittings using model ra. The KN calculated from
fitting the Scram peptide data provided the initial guess for the
respective parameter in model ra, which was used to fit the HA-1
peptide data and obtain a measure of the specific binding affinity, KD.
Both model fits effectively describe the data sets (Fig. 5b) and show
excellent agreement in their estimate of KN (Table 3). Further, we find
that the HA-1 peptide binds with a KD¼ 14.1mM� 3.8 mM, a relatively
high affinity considering the small size of the peptide and unique
nature of HA.
3.5. HA-1 peptide fragment binding affinity

Next, we sought to augment our findings by investigating which
amino acid segments in the HA-1 peptide, significantly impact the
affinity to HA. To accomplish this, our HA substrate was challenged
with two HA-1 peptide fragments: the HA-2 peptide, conserving the
front portion of HA-1 and the HA-3 peptide, conserving the
remaining tail portion. As described above, each peptide was deliv-
ered to our HA substrate at various initial concentrations, and the
binding kinetics were monitored using SPRi (Fig. 6 a and c). There
were apparent qualitative differences in the binding kinetics of these
two peptides, both during the association phase and as equilibrium
D(Rp/Rs) was approached. The adsorption kinetics of both peptides
clearly exhibited a dependence on the initial peptide concentration
(Fig. 6 a and c). Interestingly, we found very different modes of
binding between these two peptides when the equilibrium D(Rp/Rs)
as a function of the initial peptide concentration were compared
(Fig. 6 b and d). The binding profile of the HA-2 peptide suggested
a specific interaction with HA, while the profile for the HA-3 peptide
mimicked that of the Scram peptide, a non-specific interaction. These
data were again fit with either model ra or rb (Table 2), depending on
the qualitative features of the data. Model ra effectively described the
HA-2 peptide data (Fig. 6b) and estimated that HA-2 had bound HA
with a lower affinity, higher KD, and lower non-specific binding, KN,
compared to the full peptide (Table 3). The affinity of HA-2 to HA
(KD ¼ 54.4mM � 7.6 mM) was almost 4 times less than that of HA-1
(KD ¼ 14.1mM � 3.8 mM). We also estimated the association rate
constants, kon, for HA-1 and HA-2 from the averaged, initial slopes
(determined from the initial 2 min of binding) of the respective
kinetic profiles for each concentration and found that the HA-1
peptide associated with HA about 2 times faster than the HA-2
peptide (Table 3). As expected, the kon rate constants were generally
slower compared to other receptor–ligand interactions [51]. Addi-
tionally, we estimated the koff dissociation rate constant via the
relation KD¼ koff/kon and found the HA-2 peptide dissociated roughly
1.5 time faster than HA-1. Conversely, model rb matched up with the
Table 3
Parameters characterizing the steady-state binding of HA-specific and non-specific pept

Peptide KD (mM) KN (r mM-1)

HA-1 14.1 � 3.8 3.0 � 10�5 � 5.8 � 10�6

HA-2 54.4 � 7.6 2.6 � 10�5 � 4.3 � 10�6

HA-3 – 3.9 � 10�5 � 2.9 � 10�6

Scram – 3.3 � 10�5 � 6.6 � 10�6

r ¼ reflectivity change, D(Rp/Rs). Parameter values are reported as the mean � the stand
HA-3 binding data (Fig. 6d) and estimated a KN very similar to those of
peptides HA-1 and Scram (Table 3), suggesting no specific interaction
with the HA substrate occurred. It was surprising to us that two
fragments of a single peptide behaved so differently, but together
exhibit enhanced function.
4. Discussion

SPR has been used by many researchers to quantitatively
measure the adsorption kinetics and affinity of small molecules to
surfaces [26–28]. To our knowledge, this is the first time SPRi has
been used to measure the interaction between a peptide and
a biologically relevant mineral such as HA. We successfully devel-
oped a HA coated substrate that supported SPR. A PDMS micro-
fluidic device was then coupled to the HA surface allowing us to
deliver various concentrations of peptide to six distinct regions on
the HA surface. XPS analysis confirmed that our surface was
composed primarily of HA and possibly TCP while also having
a small fraction of CaCO3. We believe CO3

2� was incorporated into
our HA target during the fabrication process which was then
translated to our surface during the sputtering process [46,47]. On
a macroscopic scale, AFM and SEM imaging showed a uniform HA
coating but also microscopic heterogeneities resembling island like
features similar to those observed in literature [48–50]. We further
determined the sensitivity limit (Dn ¼ 5 � 10�5 RIU) of our SPRi
system and the conditions under which changes in refractive index
(i.e., the mass of adsorbed surface molecules) remained propor-
tional to changes in reflectivity, D(Rp/Rs) < 0.06.

Using SPRi and framing the interaction between our peptides
and HA in the context of a simple model (Table 2), we quantitatively
measured the binding kinetics and affinity of the HA-1 peptide to
our HA coated sensor. While the adsorption kinetics showed slight
concentration dependence, the steady-state change in reflectivity
show a more pronounced concentration dependence that appears
to be saturable. Compared to other engineered peptides with
high nanomolar binding affinities toward surfaces like Au, Ag,
Pt, and TiO2, HA-1 binds with a low, micromolar affinity
(KD ¼ 14.1mM � 3.8 mM) to HA[17, 19, 22, 28, 29]. This interaction is
still quite strong considering the unique chemical and structural
heterogeneities of HA compared to the relative uniformity of these
other materials. In fact, HA-1 bound HA more tightly than an N-
terminal 15-amino acid peptide derived from the salivary protein
statherin (KD z 30mM) [52].

The HA-1 peptide does not interact with CaCO3 or with amor-
phous calcium phosphate, providing evidence that both chemical
composition and crystalline structure contributes to the interaction
with HA [23]. We further probed this observation by challenging
our HA surface with fragments of the full length peptide. Not
surprisingly, the HA-2 fragment (SVSVGGK-b) bound with lower
affinity (KD ¼ 54.4mM � 7.6 mM) than the full length HA-1 peptide.
This result was surprising since the HA-2 peptide contained no
acidic amino acids like most other peptides reported to bind to HA
[2,15,16]. Upon further inspection, the only similar feature HA-2
had compared to other HA binding peptides was two closely space
serine residues [24,52]. In the case of the statherin peptide, the
ides.

Bmax (r) kon (mM�1 min-1) koff (min�1)

0.0156 0.0106 � 0.0024 0.15 � 0.136
0.0156 0.0047 � 0.00096 0.26 � 0.126
– – –
– – –

ard deviation. The Bmax, value was assumed constant for fitting.
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serine residues are phosphorylated and the 5 amino acid sequence
containing them (DpSpSEE) is structurally immobile when
hydrated [53]. It is possible that the HA-2 peptide fragment, acting
through the polar serine residues, provides close contact points to
Ca2þ and aligns with any underlying HA lattice structure.

We next challenged our surface with the HA-3 peptide fragment
(VSMKPSPGGGK-b) to assess how the trailing sequence of the HA-1
peptide influenced the overall binding affinity. Somewhat strik-
ingly, HA-3 seemed to interact with HA in a non-specific manner, in
the context of our rb model. Fitting the data to the ra model yielded
a good fit, but all the data fell on the linear portion of the binding
curve away from the region of highest concentration sensitivity. A
lower concentration of HA-3 (2 mM) was tested but again fell in line
with the linear trend observed in Fig. 6d (data not shown). Detec-
tion of lower concentrations (nanomolar) with the current HA
sensor was not possible. Although we cannot definitively say, it
seems unlikely that breaking up the full length peptide would
generate a peptide with higher affinity than the parent. We spec-
ulate that MKPSPG sequence might convey a conformation
contribution that enhances the interaction with the HA by stabi-
lizing the interaction of the leading SVSV sequence. In fact, the
secondary structure of a peptide is reported to play a role in the
interaction with HA. The N-terminal 15-amino acid binding domain
of statherin is reported to be a-helical when bound to HA. It has
been proposed that the a-helix motif could be used as a scaffolding
mechanism to align acidic side-chain residues with HA and
promote stabilization of the overall interaction [3,53,54]. While we
and others have identified amino acid residues important in
mediating the affinity toward HA, further investigation into the
precise mechanism of peptide interaction is needed.

5. Conclusions

This study has successfully quantified the binding affinity of
a specific HA binding peptide (HA-1) and two HA-1 derived peptide
fragments while also providing some clues into the HA binding
mechanism. The HA-1 peptide possesses a binding constant that is
significantly enhanced over the individual fragments and is suffi-
cient for use as either a probe to monitor biological processes like
biomineralization or as a modifier for enhancing the functionalities
of implantable, HA coated materials by directing cell function and/
or fates through presentation of adhesive sites (RGD) or signaling
cues (growth factors or other biomolecules) to cells. We believe it is
imperative that the affinity between any probe and its target be
assessable to ensure proper application and interpretation of
results. The level of material interaction will ultimately impact the
effectiveness of each application.

Acknowledgements

The authors gratefully acknowledge support from a National
Institute of Standards and Technology (NIST) Innovation in
Measurement Science Award in Cellular Biometrology and National
Research Council/NIST postdoctoral fellowships to MDR and MCW.
The authors would also like to thank Khaled Aamer, Alexander
Peterson, Nicole Moore and the NIST Center for Nanoscale Science
and Technology for their valuable contributions to this work.

Certain commercial equipment, instruments, or materials are
identified in this paper in order to specify the experimental proce-
dure adequately. Such identification is not intended to imply
recommendation or endorsement by the National Institute of Stan-
dards and Technology, nor is it intended to imply that the materials or
equipment identified are necessarily the best available for the
purpose. Official contributions of the National Institute of Standards
and Technology – Not subject to copyright in the United States.
Appendix

Figure with essential colour discrimination. Figs. 1–6 of this
article have parts that may be difficult to interpret in black and
white. The full colour images can be found in the online version, at
doi:10.1016/j.biomaterials.2010.01.012.
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