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This paper describes the characterization of microdamage in bones histologically, spectroscopically,
and by surface analysis. A set of fluorescent (photoinduced electron transfer, PET) sensors, bearing
phenyliminodiacetate moieties as ion receptors, was used to investigate the selective labeling of
microdamage in bones, which can have significant value for analysis of bone structures in humans.
Scratched and unscratched surfaces of the bone were studied using fluorescence microscopy, Raman
spectroscopy, SEM, and EDXA. These results were compared to those using Rose Bengal dye. The
overall results show that selective labeling of scratches occurred for all the fluorescent sensors, which
can be attributed to the interaction of dyes via binding at free lattice sites (via the receptors), through
ionic interactions with free lattice sites or by incorporation in the broken lattices. The principal mode of
operation is most likely due to the binding of these sensors to Ca(ll) at microdamage sites.

Introduction also not suitable for labeling submicroscopic damabee

Bone is a rigid but dynamic organ that undergoes continu- et al® 7 introduced a novel idea for sequential labeling of

ous repair, molding, and shaping. As bone is under constantm'Croq{"m"’lge in bone by.us[ng five colorimetric ggents:
stress due to repetitive loading during normal day-to-day Calcein, Xylenol orange, Alizarin complexone, Calcein blue,

activity, this results in the generation of microcracks or and Oxytetracycline. Microcracks were made visible under
microdamagé.These fatigue-related microcracks that range @n epifluorescence microscope. However, these dyes suffer
in length from 25 to 300im have been observed in vivo in 1M @ number of disadvantages, such as limited aqueous
human, canine, bovine, ovine, and rat béristology is solubility, high pKa value, low affinity for Ca(ll) at neutral

the most common method used for studying the quantity andPH> @nd high intrinsic fluorescenéeConsequently, there

characteristics of damage responsible for mechanical deg-XIStS @ need for improving on this technique, particularly
radation. It has been shown that microdamage in bone actavith the aim of developing noninvasive methods for analysis

as a stimulus for bone remodelifgThis remodeling is of bone structures for medical diagnostics. In the past, we

mediated by the well-balanced actions of osteoclasts, which1@ve been involved in the development of both lanthanide

initiate old bone resorption, and osteoblasts, which form new luminescent and fluorescent photoinduced electron transfer
bone? Bulk staining of bohes with basic fl,.IChSin was the (PET) sensors as well as colorimetric sensors for biologically
first dye used by Froto label in vivo microdamage and relevant anions and catioAZ.hus, we set out to investigate

was soon established as the method of choice for dif- the Possibility of using (i) new fluorescent chemosensors,
ferentiating cracks generated during dehydration, sectioning,4€Signed in our laboratory; (i) commercially available
and polishing from those existing in the tissue prior to SENSOrs, or probes; and (iii) synthetic |od|n_ate_d contrast
processing. However, this method suffers from a number agents to detect bone damd@’é} Here,. the _objectlve was

of disadvantages such as nonuniform staining and undereslO Use these sensors to selectively visualize bone damage.

timation of quantification of microdamage; this method is 1€ current study reports the application of commercially
available fluorescent (PET) sensors, such as calcium crimson,
* Corresponding author. E-mail: raman.parkesh@pharm.ox.ac.uk. calcium orange, and fluo-3 (Figure 1) to label surface
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Figure 1. Structure of PET sensors and Rose Bengal used in the current study.

scratches in a reproducible model of microdamage in bones.

Experimental Section

These dyes have the advantage of high water solubility, pH Epifluorescence Studies of Bone Specimens using Calcium

indepen(_jence in the physiologi(_:al range, and being nonfluo- ¢rimson, Fluo-3, and Calcium Orange The dyes were purchased
rescent in the absence of calcidfi? Rose Bengal, a dye  from Molecular Probes Ltd. Fluo-3 and calcium orange were

containing iodine atoms, was used to obtain further insights received as potassium salts. Calcium crimson was obtained as its
into the mechanisms of microdamage labeling of these PET ethyl ester derivative and was hydrolyzed prior to use. The ethyl
sensors, by using fluorescence microscopy (epifluorescencester was dissolved in 5 mL of methanol; 1 mf DM aqueous
studies) Raman spectroscopy and energy-dispersive X-ra;KOH was added to it, and the reaction mixture was refluxed for 2
analysis (EDXA). The crystallization of Rose Bengal in the h. The solvent was evaporated and the resulting residue extracted

. . . . into water and precipitated upon the addition of ethanol. A solution
microcracks demonstrates the benefit of using chelating dyes(l « 104 M) of each dye was prepared in buffer solution (gH

for labeling microdamage. Here we give the results of the 7.4, 20 mM HEPES, 135 mM KCI to maintain constant ionic
latter of these investigations. strength). Bovine tibiae were obtained from a meat wholesaler
(KEPAK Ltd., Clonee, Co. Dublin) from animals slaughtered?
days previously. The soft tissue was removed from all bones and
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these were stored at20 °C until required. Longitudinal sections @)
of cortical bone from the mid-diaphysis were cut into beams using
a band saw and polished using emery paper (grade 400). All
machining was carried out in wet conditions and the bones were
not allowed to dry at any time. After machining, the specimens
were stored at-20 °C prior to staining A 5 mm straight line was
scratched on the surface of each of the bone sample using a compass
point. Samples were dipped into ax110~* M buffered solution
of each PET sensor in an individual vial, which was placed under
a vacuum (50 mmHg) for intervals of 5, 15, 30, and 60 min.
Specimens were washed in deionized water. For substitution tests,
specimens were washed in deionized water; a new line of the same
length was drawn parallel to the earlier one and the specimen was
then reimmersed in the buffered solution of the PET sensor. These
bone specimens were then examined using UV epifluorescénce (
= 365 nm) and green epifluorescenéde= 546 nm). Images were
captured using a CCD color video camera and analyzed using the
image software Lucia.

Raman Imaging Studies using Calcium Crimson, Calcium
Orange, and Rose BengalLongitudinal sections of bovine tibiae

were pr red in the manner previ I i _For comparisonigure 2. Epifluorescence micrograph of bone surface showing a scratch
ere prepared e manner previously described. For compariso labeled with calcium crimson at different time intervals: (a) 5, (b) 15, (c)

purposes, specimens without any scratches as well as unlabele 0, and (d) 60 min; bar= 1004m, UV epifluorescence excitation at 365
scratched bone specimens were analyzed. The bone samples wengn.

immersed into the solution of each fluorophorex110~* M) in

individual vials and placed under a vacuum (50 mm of Hg) for 24 dimensions, which we have previously used successfully in
h. The samples were washed with deionized water, dried, and thenthe synthesis of X-ray contrast agei*&é? This allows the
analyzed. These samples were compared with unscratched an%helating agent to be highly dependent on the size and charge

scratche_d co_ntrols_. The Labram system, comprising a Conf°°a|50f the metal ion and as such is extremely ion selective. The
Raman imaging microscope and an argon ion laser sources (514.

nm, 50 mW) was used. The 1004 chiband of toluene was scanned use of the BAPTA Chelator, ensures th_at th_e pKa of the
before the acquisition of the resonance Raman spectra, to ensuré€C€Ptor does not overlap with the physiological pH range,
correct positioning of the monochromator. The monochromator was SO that weakly acidic conditions will not provide a false
stepped using increments of 0.5 cmFor calibration purposes, ~ Positive response via protonatiéh'? Furthermore, the
the Raman spectrum of acetonitrile was recorded and peakfluorophores do not contain any ionizable groups in the pH
frequencies and intensities adjusted until it agreed with reported range of 78. Because the potassium salts of these indicators
values. A variable objective focused the line-shaped laser beamare used, they possess high water solubility as well as high
onto the bone surface and scratch. The scattered light was collectedstapility. Moreover, the long excitation wavelength used
by "’I‘”do'ggg"’e in abconfocalfgeometry ";‘]”d d'sz‘frsed onto a;;(‘)'g reduces any interference from autofluorescence (e.g., from
cooled CCD array by one of two interchangeable gratings, bone proteins such as collagen and from light scattetfig).
or 600 lines/mm allowing the range from 150 chto 4000 cntt - o -

) . ) . L The dyes have high extinction coefficietftand thus absorb
to be covered in a single image, or with greater resolution in a . . . . .

strongly in the visible region, which permits a lower dye

combination of images. With the former, a spectral resolution of 1 ) A -
cmt per pixel is achievable. The data were analyzed using concentration to be used in order to prevent phototoxicity

LabView (National instruments Corp.) software. Data were cor- t0 bones and bone cells when applied in vivo
rected for baseline offset and processed using a filter to remove The epifuorescent images for bones stained with a 1
cosmic events and artefactual spikes. These studies were conducteq -4 M solution of calcium crimson as a function of time
at ;h:MDubgnE Il)n;tAmgte (;)_f Te(f:rénologsy, Irelland. 10 Rose B , are shown in Figure 2. The images clearly show that the

an udies orbone Samples Using Rose Bengal. — gqraiches are selectively and exclusively labeled with the dye,
The protocol used for EDXA studies was similar to that used in and that there is little difference in the briahtness of the
Raman imaging studies and is shown in the above section. Rose IS 1l " € In he |_g -

labeled scratch as a function of time, indicating efficient and

Bengal was used for EDXA and SEM studies, as it has a carboxylic ; : .
group that can bind to the scratch and iodine atoms that can befast absorption of these dyes in the scratched areas. This was

analyzed by EDXA. All SEM micrographs were obtained with a supported by qualitative analysis, which showed that increas-
dual stage SEM with associated EDXA and samples coated with ing the immersion time did not lead to any significant
gold to achieve optimal SEM images. For EDXA analysis, uncoated improvement in the color nor the intensity beyond 15 min.
samples were used. Studies were conducted using unscratchedThus 15 min was deemed the optimal immersion time for
scratched, and Rose Bengal-labeled bone specimens and werghe jnvestigations carried out herein for all the sensors. The
carrit_ad at the Centre for Microscopy and Analysis, Trinity College bright pink/red fluorescent color of the dye in Figure 2
Dublin. provided a good contrast from the blue autofluorescence
observed from the collagen proteins of bone. The strong
emission also indicates that the sensors have high affinity

Fluorescence Imaging StudiesThe receptors in the above for the damaged (scratched) areas, which is important for
dyes (the phenyliminodiacetate moieties) are multidentate diagnostics. It is hypothesized that the scratched area
ligands that have chelating groups organized in three consisted of coordinatively unsaturated

Results and Discussion
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Figure 3. Epifluorescence micrograph of bone surface showing scratch Figure 4. Bone surface showing scratch labeled with Rose Bengal; UV
labeled with (a) calcium orange and (b) fluo-3; bar 200 um, UV epifluorescence (365 nm). Bar 500 um.
epifluorescence excitation at 365 nm. ] ) ] ] . ]
pH independent in the physiological range, the bright pink

Ca(ll) that is available for binding by the phenylimino- color of the dye was not as clearly visi_ble _in the scratched
diacetate moieties. Calcium crimson is known to have high area of the bone. Structurally, the dye is different from the
affinity toward Ca(ll)!® Outside the scratched areas, the fluorescence sensors discussed above, as it lacks the phe-
emission of these sensors is only minsewitched off, in- nyliminodiacetate moieties, having instead the aforemen-
dicating that the sensors do not bind there. Moreover, the tioned single benzoic acid receptor. This reduces considerably
emission from the sensors would be expected to be minorthe binding affinity of Rose Bengal with Ca(ll) relative to
in the absence of Ca(ll) because of effective PET quenchingthe other sensors descibed above. Nevertheless, the scratch
of the flourophore by the recept&fHowever, upon binding  is Visible, which demonstrates that the dye has higher affinity
of the receptor at the damaged site (scratch), the receptoifor the scratch rather than the surrounding bone matrix. These
cannot participate in any photoinduced electron-transfer PETimportant results demonstrate that a dye capable of forming
quenching of the flourophore and the emission would be weak interactions can also specifically label the scratch
enhanced otswitched on’ This occurs as the Ca(ll) re- (Figure 4). However, for potential clinical use, such a
cognition increases the oxidation potential of the receptors, marginal color change is not ideal, and of the four dyes
which makes the electron transfer thermodynamically un- analyzed herein, calcium crimson would be have the greatest
favorable. Indeed, Figure 2 shows this to be the case. Thepotential for clinical application. However, these results
other important advantage is that the dye is highly water demonstrate selective affinity of these sensors for the cracks,
soluble and so buffered solutions can be readily prepared.which also indicates that the cracks are rich in chelatable
The images were also analyzed under different magnifica- calcium, which on binding to the chelating groups of the
tions (see the Supporting Information), which clearly dem- sensors switches the fluorescence on. Having established that
onstrated that calcium crimson was able to label the boneall the dyes were able to detect the cracks in the bone matrix,
scratch in its entirety without affecting the surrounding area We set out to evaluate the nature of the binding of these dyes
of the bone. to the cracks. As explained above, all the fluorescent dyes

Similar results were obtained with calcium orange, fluo- are PET sensors, and as such, the emission would ideally

3, and Rose Bengal. Here, the orange fluorescence (Figureonly be switched on upon binding of the receptor to free
3a) and the green fluorescence (Figure 3b) were observedca(ll) sides'*
for the first two dyes, respectively, upon excitation at 365  Evaluation of Substitution Tests with Calcium Crim-
nm. As before, both of these dyes were able to label the son, Calcium Orange and Fluo-3.From our previous
scratch selectively and effectively, making the scratched Work,* the dissociation constantd) for Ca(ll) for the
clearly area distinguishable from the surrounding area of the fluorescent sensors investigated above follow the order of
bone specimens. This clearly demonstrates the selectivity ofcalcium crimson (203 nM)< calcium orange (423 nMy
the receptor for the exposed, or free, Ca(ll) in the scratches,fluo-3(3900 nM). Therefore, if these dyes are to be applied
and that these sensors also function as PET sensors. Againn a sequence of decreasing binding affinity, no substitution
the blue background fluorescence of the bone matrix (au- iS €xpected to occur. To verify this hypothesis, we performed
tofluorescence) is easily differentiated. substitution tests using a three dye sequence, in concentration
In contrast to these results, Rose Bengal, used as its sodiun®f 1 x 10~* M. The results obtained are shown in a series
salt, did not give rise to as striking a contrast between the 0f paralled scratches (Figure 5), where it can be seen that
scratched bone matrix and the background in the samethe three-dye sequence resulted in no substitution or mixing
manner as the previous three sensors. Even though Ros@nd that the three dyes are clearly distinct both from each
Bengal has many attractive features, such as good solubilityother and the surrounding bone matrix. This sequence could
in water (36%, w/v) and low pKa (3.9 and 4¥Yor the be of help in identifying a propagating microcrack in bone.

carboxylate and hydroxyl groups, respectively, rendering it AS bone is a complex matert&F°that consists of canals,
Haversian systems, cell lacunae, canaliculi, and resorption

(14) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A.
J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, TCem. Re. 1997, (15) Frost, H. M.Introduction to a New Skeletal Physiology, Vol. | and I
97, 1515. Pajaro Group: Pueblo, CO, 1995.
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Raman Spectroscopic Analysis of Bones in the Presence
and Absence of Calcium Crimson, Calcium Orange, and
Rose Bengal Labeled Bone SampleRaman spectroscoffy
will provide information about the microstructure of bone
at a molecular level under physiological conditions in a
noninvasive manner. It provides information-rich spectral
calcium orange bands, is insensitive to water and noninvasive, and sample
preparation is very easy It was reasoned that the compari-
son of the Raman spectra of the surrounding bone, scratches,
and labeled scratches would give new insights into the
mechanism by which the sensors bind not to the bone surface
and only to the scratched area.

Each unscratched and unlabeled bone specimen was first
scanned to obtain a background Raman spectrum. This

Figure 5. Three-dye sequence for analyzing the substitution pattern: SPectrum was further processed by subtraction of baseline

calcium crimson, calcium orange, and fluo-3; UV epifluorescence (365 nm), and filtration of the data. This dramatically improved the
bar= 200 um.

signal-to-noise ratio and led to background removal (Figure
7a). The spectrum shows the presence of eight prominent
Raman bands. Bands observed at 430 and 589 evere
assigned to the vibrations of phosphate group} ¢f the
hydroxyapatite lattice, respectively. The most prominent
band, observed at 961 ci is also due to the phosphate
(1/1).

A weak intensity band observed at ca. 857 ¢man be
assigned to either carbonate frequency or to th&€Gtretch
of proline and hydroxyproline. Vibrations of bone proteins
are responsible for the bands appearing at 1249, 1455, and
1667 cn1?l, respectivel\t’*® Having obtained the back-
Figure 6. Transverse section of bone labeled with calcium orange in (a) 9round, we next measured the Raman spectra of the scratched
UV epifluorescence microscopy (365 nm) and (b) green epifluorescence surface of the bone (Figure 7b). The spectrum is similar to
microscopy excitation (546 nm). Yellow arrow bone surface; red arrow  that shown in Figure 7a, except that there are distinct changes
= cell lacuna. Green arrow shows bone canal in image a and osteon with . . .
its cell lacunae, canaliculi and central Haversian canal in image b=ar I the bands in the region of 1064100 cnt*, where two
100 um. separate bands can be observed at 1000 and 1048 cm

respectively. These bands were assigned to the phosphate

cavities, dyes that have the ability to penetrate the bone of the hydroxyapatite lattice of the bone, which is now more
matrix are of considerable importance for gaining an exposed, and can be attributed to the breakage of the
understanding of this complex morphology. For this purpose, phosphate bonds in the hydroxyapatite lattice during scratch
a penetration test as described in the Experimental Sectiongeneration. This is backed by the fact that degradation studies
was conducted. Figure 6 shows the UV and green epifluo- carried out on collagen proteins have demonstrated extensive
rescence images of a transversely sectioned bone specimeperturbation in the amide bonds observed at 1250 and 1660
stained with calcium orange. It is clear from Figure 6 that cm™.1° However, in the present case, no changes were
calcium orange is able to bind selectively with different observed in the 12661600 cn1! range, indicating that
surfaces in bone. The area marked with green, yellow, andcollagen proteins were intact during scratch generation.

red arrows in Figure 6a are the bone canals, bone surface, The most interesting results, however, were obtained when
and the bone cell lacunae, respectively. All these componentsihe bone specimens were labeled with the fluorescence
contain suitable coordinatively unsaturated Ca(ll) binding sensors calcium crimson and calcium orange, respectively.

sites to facilitate the binding and the reduction/removal of For both dyes, the scratched region and the surrounding
the PET quenching from the receptor (upon complexation

to the Ca(ll)) to the flourophore. This gives rise to the (16) (a) Raman, C. V.; Krishnan, K. Slature1928 121, 501. (b) Raman,

concomitant enhancement in fluorescence. The internal (C) V.rl]n Nobel Lectures r(1Physic:SElserifer: NeWIYork, 1965;p26|7.
‘i ; : c) Chantry, G. W. InThe Raman Effects, Volume 1: Principles

structure of the bone comprising ostepns and interstital Anderson. A., Ed.: Marcel Dekker: New York, 1979,

lamellae are also clearly visible when viewed under green (17) (a) Pelletier, M. J. Iinalytical Applications of Raman Spectroscppy

epifluorescence, by excitation at 546 nm, as is evident from E’e('{)e)“,\eﬂ;l%-d--_ E‘:i-f;ﬁ?h'gcgwg'j SACFI;;TCgplétgfr:ogﬂdaé%eané7Méislg(%?; p

Figure 6b TO fUrther Understand th|S and quantify the R-assat, S. ’D.;-,Da\/is’ B' App-L.Specirosc]_ggA‘ 48, 1498’. ’

selective labeling of the scratch generated on a bone surface(18) (&) Timlin, J. A.; Carden, A.; Morris, M. D.; Rajachar, R, M.; Kohn,
dditi | techni | d v th f D. H. Anal. Chem200Q 72, 2229. (b) Carden, A.; Rajachar, R, M.;
two additional techniques were explored, namely the use o Morris, M. D.; Kohn, D. H.Calcif. Tissue Int.2003 72, 166. (c)

Raman confocal microscopy and Energy Dispersive X-ray Wautheir, R E.Connect. Tissue Re8989 22, 27. (d) Penel, G.; Leroy,
Analysis (EDXA) coupled with a Scanning Electron Mi- G.; Bres, EJ. Appl. Spectroscl99§ 53, 312.

y p 9 (19) Paschalis, E. P.; Verdelis, K.; Doty, S. B.; Boskey, A. L.; Mendelsohn,
croscopy (SEM). R.; Yamauchi, M. JBone Miner. Res2001, 16, 1821.
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' ' y y in Raman spectroscop$.The most likely reason may be
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the presence of pigment impurities and the higher energy
absorption of the dye at 514 nm laser excitation. The Raman
frequency data clearly provide the evidence of chemical
changes in the scratch and thus support our above findings

unscratched surfaces were scanned and analyzed. For thesg,‘at selective labeling of these sensors within the scratched
the Raman spectra of the unscratched surface were identicaf€2s is indeed the reason for the high fluorescence intensity
to that shown in Figure 7a, whereas the Raman spectrum ofS€€n in the microscopy studies.

the scratch labeled with Calcium crimson, depicted in Figure ~ Scanning Electron Microscopy (SEM) and Energy-

8, was significantly different. Here, a broad phosphate band Dispersive X-ray Analysis (EDXA) of Bone Samples
centered at 1001 crh is clearly observed. The bands Labeled with Rose Bengal.The sensor chosen for the
appearing in the region 118400 cnt! can be assigned labeling of bone samples for these experiments was the Rose

to the amide vibration of collagen proteins and to the Bengal dye, as it has a high iodine atom content; the dye
aromatic region of the sensor itself. The amide and, CH can be observed in the EDXA spectrum, which enables the

beled scratch to be distinguished from the surrounding

ydroxyapatite matrix. As a background, a SEM picture of
the unscratched sample is shown in Figure 9, for comparison.
Chemical composition analysis of this bone sample was
. . performed using EDXA (see the Supporting Information).
calcium crimson sensor. Th? Ra_man spectrum of the un- Because of the highly composite nature of the bone matrix,
scratched region was almost identical to that of the unlabeledtwo different regions were selected for elemental analysis
and unscratched bone specimen, clearly showing that thérye Epxa spectra indicates that the major elements present
sensor has bound selectively to the scratched area angy, yone are, as expected, calcium, phosphorus, and oxygen,
supporting our finding from the fluorescence measurementsa|ong with trace amounts of sodium, magnesium, and
discussed above. Similar_ results were obtained using Ca|Ciumphosphorus. Additionally, the elemental compositions of both
orange. Unfortunately, in the case of Rose Bengal, the chosen regions were identical, within experimental error. This
spectrum was dominated by high signal-to-noise ratio and result demonstrates that the bone exhibits chemical unifor-
background noise, making the interpretation of Raman bands
almost impossible (see the Supporting Information). This (20) Bell, S. E. J.; Bourguignon, E. S.; O’Grady, A.; Villaumie, J.; Dennis,
behavior of organic pigments is a well-known phenomenon A. C. Spectrosc. Eur2002 14, 17.

Wavenumber (cm-')

Figure 8. Corrected Raman spectrum of the bone scratch labeled with
calcium crimson. The spectrum has been normalized to phosphatel.

stretching are also clearly represented by the bands observe
within the 14506-1680 cn1? region. The most striking and
high-intensity band, however, is the one center at 1735 cm
which is most likely due to the carbonyl groups of the
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mity. Moreover, the elemental composition of the scratch '::::::ﬁt f:’
was also within experimental error, identical with the
surrounding bone matrix. The scanning electron micrograph
demonstrates the morphology of the damaged lattice. It shows ¥ . - - -
the highly porous nature of the scratched area caused by the er
breaks in the hydroxyapatite lattice. Figure 11. Elemental composition of (a) surrounding area and (b) scratched

area of bone labeled with Rose Bengal; the blue arrow in part b shows the

The EDXA pictures of the bones labeled with Rose Bengal |, ine composition in the scratched region.

are shown in Figure 10 and provided interesting results. The

SEM of the scratched area clearly showing the formation of

crystals within the scratched region which we believe is the The results from these investigations show that it was
coordinated form of Rose Bengal. Hence, whereas the dyepossible to understand the difference between the scratched
is clearly visible in the scratch, no crystals are detected in and unscratched surfaces of the bone in terms of lattice
the surrounding matrix. This result supports our finding vibrations (using Raman spectroscopy) using commercially
above, that even though the binding to Ca(ll) might be available fluorescent sensors designed for Ca(ll) detection.
relatively week, it does occur within the damaged area of |mportantly, these results also showed that the sensors were
the bone. It can also be postulated that the porous and voidaple to specifically label the scratched areas rather than the
nature of the broken lattice in the scratch induces crystal- surrounding regions of the bone. We believe that the reason
lization of the dye. This further supports the proposal that fo this is that the generation of a scratch breaks this mineral
the sensors target only the more exposed surface of the bong,iice and generates lattice vacancies for bound elements,
matri>_< and hence can be used selectively to target microdam-g,ch as ca(ll), that will be able to bind suitable receptor
age in bones. Moreover, the EDXA analysis, for these g, ionalities. Further evidence for such binding/chelation
measurements, Figure 11, further supports this argument, as, »¢ opiained by carrying our SEM and EDX analysis of

'tF'.S posif)tl)e .totgetect tth(:] pre dsen(t:g otthgh |od|?eh c(cj)nbtent Rose Bengal-labeled scratches showing the selective crystal-
(Figure ) in the scratch and not in the unscratche ON€)izations of dye in the scratch. It demonstrates that even

matrix (Figure 11a). This further supports the fact that Rose suitable ionic interactions can be exploited for selective

Bengal is present only in the sc_ratgh. Itcan thus be Con.CIUdedscratch labeling. We can thus conclude that for the selective
that the SEM and the EDXA findings support the epifluo- . . : . L o
labeling of the sensors investigated herein, their imaging in

rescence and Raman imaging studies carried out and ) . ) .

; naging . the bone cracks is probably due to either their chelation at
discussed above and confirm that the sensors can selectlvel){h tree Calll  sit ted duri tchi
target the exposed Ca(ll) in the scratch areas. the free a(ll) vacant sites generated during scratching or

inhibition of the PET process via interaction with the porous
lattice. These results will have implications in studying in
vivo microfractures in bone, as the sensor will penetrate

We have carried out a detailed and comprehensive analysignicrodamage sites and bind to coordinatively unsaturated
of the ability of three fluorescent sensors to selectively target Ca(ll). As a result, microdamage would be visible by
scratches in a bone. This is an important investigation for epifluioresence and other techniques. The nanomolar level
both the use of such sensors as a histological method anciffinity of these sensors for free Ca(ll) will facilitate selective
establishing the possibility of using fluorescent PET sensors labeling of microdamge sites. We are further investigating
for medical use in noninvasive bone imaging. To evaluate these phenomena in detail using atomic force microscopy
the histological findings, we also explored two independent (AFM) and extended X-ray absorption fine structure (EX-
techniques, Raman spectroscopy and SEM-coupled EDXA. AFS), with the aim of understanding the selectivity better

Conclusion
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and determining the binding mode and geometry adaptedwith SEM and EDX measurements. We thank anonymous

by the dye in the scratch in greater detail.

Acknowledgment. We gratefully acknowledge financial
support from The Health Research Board of Ireland, Trinity

College Dublin, and the Royal College of Surgeons in Ireland.

We also thank Dr. Rethi Madathil and Dr. Chunnu from the
Chemistry Department, Oxford University, for helpful discus-
sions, Dr. Hugh Byrne from Focas, Ireland, for Raman

reviewers for helpful comments.

Supporting Information Available: Bone epifluorescent pic-
tures with calcium orange at different magnification, Raman
spectrum of Rose Bengal, EDXA element composition of intact
and scratched bone. This material is available free of charge via
the Internet at htpp://pubs.acs.org.

Spectroscopy measurements, and Mr. Neal Leddy for assistancecM0625427



