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Bisphosphonates (BPs) are an important class of drugs used
in the treatment of osteoporosis and other conditions involv-
ing bone fragility.[1] Tumor cells in the bone-marrow cavity
secrete a variety of paracrine factors that stimulate bone
formation and the stimulation of osteoclast function is of key
importance.[2] This results in osteolysis, which is typically
associated with disruption of the normal coupling signals that
control the relative levels of osteoblast and osteoclast
function. It is in this situation that bisphosphonates are able
to offer their therapeutic potential in skeletal metastatic
disease.[2] To monitor the progress of the disease and the
effectiveness of therapy, it is vital to identify the bisphosph-
onate localization in treatments. Recently, a number of
approaches have exploited the specificity of bisphosphonates
to create bone-imaging reagents,[3] such as NIR-bisphospho-
nate dyes[4] and 99mTc labeled bisphosphonates.[5] Their
success as therapeutic drugs and bone-imaging agents relies
on their exceptional selectivity and strong affinity for solid-
phase calcium hydroxyapatite which is predominantly found
in bones.[6] Hernandez-Santana et al. isolated calcium phos-
phate crystals from complex biological fluids using bisphosph-
onate-modified superparamagnetic beads.[7] However, this
work focused only on the isolation of the calcium phosphate
crystals and lack of subsequent detection limited its further
applications.

Surface-enhanced Raman scattering (SERS) provides
a non-invasive molecular detection that can be tuned to the
near infrared (NIR) region, which is of significant biological
importance as this region provides a clear spectral window for
both therapeutic and imaging applications in tissue.[8] How-
ever, the depth of penetration (less than 10 mm) remains an
obstacle for most in vivo SERS applications.[9] An alternative
approach is to use spatially offset Raman spectroscopy
(SORS) which relies on moving the area of collection of the
scattered light away from the laser-illuminated zone and

allows highly accurate chemical analysis of objects beneath
obscuring surfaces, such as tissue, coatings, and bottles.[10]

Preliminary results from our group in collaboration with
Stone and Matousek[11] allowed a recognizable signal from
SERS active nanoparticles (NPs) at a depth of around 50 mm
in tissues to be obtained. Subsequent work by Van Duyne and
co-workers on the subcutaneous detection of glucose also
shows the great promise of SORS in biological applications.[12]

Herein, we used porcine bones, consisting mainly of
calcium hydroxyapatite and bisphosphonate-functionalized
SERS nanotags as Raman reporters for a simulation study of
tracking the bisphosphonate localization through SERS
which could be useful both in metastatic breast cancer and
bone disease treatments. To demonstrate the in vivo applica-
tion potential, bone fragments pre-incubated with function-
alized nanotags were inserted into 20 mm thick specimens of
porcine muscle tissue allowing observation of Raman through
surface-enhanced spatially offset Raman spectroscopy
(SESORS). Unlike previous work,[11b] a fine distribution of
nanotags on the surface of the bone was measured rather than
a concentrated droplet injected into the tissue. We believe our
work is the first bone/calcium hydroxyapatite-specific tag
detectable by SERS/SESORS. It provides great potential for
non-invasive in vivo tracking of the bisphosphonate local-
ization in treatment for metastatic breast cancer and bone
disease.

Commercially available SERS nanotags were functional-
ized with bisphosphonate (Neridronate), which can provide
specific binding to calcium phosphate salts, to provide a SERS
specific identification of bisphosphonate localization.

Figure 1a illustrates the functionalization of encapsulated
SERS active thiol-modified nanoparticles through sulfosucci-
nimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC) couplings.[13] Bisphosphonate and sulfo-SMCC
were replaced with buffer solution in the three different
controls to confirm that binding of bisphosphonate-function-
alized nanotags to the surface of bones only occurred in
positive samples. Bone fragments were placed in the different
nanotag solutions, gently shaken overnight and washed with
water followed by sonication. Raman spectra of bisphosph-
onate-functionalized nanotag covered bones and blank bones
are shown in Figure 1 b. The solution SERS spectrum of
nanotags is also given as a reference. The bone surface is not
completely flat making it difficult to perform Raman maps
because of issues with focusing the laser beam onto the rough
surface. To minimize this problem, but still gain enough
signals, a 20 � objective lens was used and the mapping
geometry was confined to 50 mm � 50 mm. The peak at around
960 cm�1 observed in both samples arose from the phosphate
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stretch of the bone.[14] This peak was used as an internal
reference throughout, thus ensuring the absence of nanotag
signal was not because of poor objective focusing.

False-color SERS maps were constructed using the
intensity of the monitored peak of the nanotag (around
1600 cm�1). Three different bone pieces, which were bound to
bisphosphonate functionalized nanotags, show very different
images compared to the control samples as can be seen in
Figure 2. This difference is due to the chelation of the
bisphosphonic moiety with superficial Ca2+ ions on the bone
surface. The spectra within each pixel of the maps were also
checked to ensure that the phosphate stretch from the bone
could also be observed, especially for the controls where no
nanotag SERS spectrum would be expected, thus ensuring
that a signal was being observed from the surface of the bone
and the laser was correctly focused on the surface. Despite
Figures 2d and 2e showing some very weak signals because of
the non-specific adsorption of a small amount of nanotags, no
obvious spots were observed in the control samples. Bone
samples were sonicated in water to reduce the non-specific
binding, however we assume that nanotags could still be
trapped inside the cavities on the bone surface. Nevertheless,
a huge discrimination between positive samples and controls
were observed. To ensure reproducible results, another two
different bone fragments were covered by bisphosphonate-
functionalized nanotags and the SERS maps were also

performed in three different areas of each bone fragment.
These SERS maps of positive and control bone samples are
shown in Figure S1 and S2 of the Supporting Information and
the same discrimination between positive and control samples
was observed. Therefore, the bisphosphonate-functionalized
nanotags show strongly specific binding to the bone surface
(calcium hydroxyapatite).

To mimic the applications of these nanotags in vivo,
bisphosphonate-functionalized nanotag covered bone was
inserted into a 20 mm thick specimen of porcine muscle tissue
to simulate the detection of the nanotag functionalized bone
through tissue in the case of detecting skeletal metastases
(Figure S3). Spatially offset Raman maps were performed
across the bone with 2 mm steps 0–20 mm in the x direction
and 0–10 mm in the y direction.

The SESORS map shown in Figure 3 was constructed by
calculating the principal components of the spectral data set
and selecting the one most appropriate to represent the
nanoparticle signal from the bone. The second principle
component (PC2), which represented the nanoparticle signal
from the buried bone, was selected and the loading vector and
the scores map is shown in Figure 3, alongside the raw
spectrum from the nanotags. The most intense nanotag peak
can be seen at around 1200 cm�1; the 960 cm�1 signal from the
hydroxyapatite is also visible and clearly correlated with the
nanoparticle signal. Unlike previous experiments,[11b] a fine

Figure 1. a) Schematic illustration of the bisphosphonate functionaliza-
tion of nanotags. b) Raman spectra of nanotag only, bone only, and
positive (i.e. bisphosphonate-functionalized nanotag covered bones)
samples. The peak at around 960 cm�1 (purple box) arising from the
phosphate stretch in bone was observed in the positive and bone
samples only and was used as an internal reference. One of the
nanotag characteristic peaks (at around 1600 cm�1; red box) was
chosen as the monitored peak in the subsequent maps.

Figure 2. SERS maps of different bone samples using the same false-
color scale. Bright yellow indicates the highest SERS intensity and
black indicates the lowest intensity. a), b) and c) are different pieces of
bisphonsphonate-functionalized nanotag (positive) covered bones;
d) control I; e) control II; f) control III.
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distribution of NPs on the surface of the bone was measured
rather than a concentrated droplet injected into the tissue. A
significant signal reduction particularly above 1250 cm�1 was
observed through a 20 mm thick tissue when compared to the
previous SERS maps carried out on the bone surface directly.
Two reasons are proposed: first, at these wavelengths both
water and myoglobin contribute to the absorption. The 1250
to 1600 cm�1 Stokes-shifted range with a 830 nm excitation
equals to around 925 to 957 nm, which covers the range where
a strong lipid absorption band (ca. 930 nm)[15] and water
absorption band (max ca. 970 nm)[16] are located. In addition,
a more subtle contribution also comes from a rising absorp-
tion in this wavelength region from myoglobin.[17]

In summary, we used porcine bones, containing calcium
hydroxyapatite and bisphosphonate-functionalized nanotags
as Raman reporters for a simulation study of tracking the
bisphosphonate localization through SERS which could be
useful both in metastatic breast cancer and bone disease

treatments. Functionalized nanotags (positive) specifically
bind to bone through the optimized chelation of the
bisphosphonic moiety with superficial Ca2+ ions on the bone
surface. A recognized nanotag signal was gained from a fine
distribution of nanotags on the surface of the bone when
placed in a 20 mm thick specimen of porcine muscle tissue
through surface-enhanced spatially offset Raman spectrosco-
py (SESORS) demonstrating the great potential for non-
invasive in vivo bisphosphonate tracking. This work is the first
bone/calcium hydroxyapatite-specific tag detectable by
SERS/SESORS. In the future, we plan to work on the in vitro
(osteoblasts) and in vivo applications of bisphosphonate
functionalized nanotags through SERS.
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Figure 3. False-color SESORS map of nanotag-covered bone inserted
into a 20 mm thick porcine tissue. a) The gray box represents the bone
(ca. 8 mm across (x dimension) corresponding to four pixels in the
false-color image). b) The nanotag characteristic peaks are highlighted
in the top spectral plot and the principal component loading plot (bot-
tom) shows the characteristic nanoparticle signal (*) and the hydroxy-
apatite signal from the bone at 960 cm�1 (arrow). The false-color
image demonstrates the distribution of the signals as described by
PC2.
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