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The ability of Spatially Offset Raman Spectroscopy (SORS) to obtain chemically specific information from
below the sample surface makes it a promising technique for non-invasive in vivo diagnosis of bone con-
ditions by sampling bone through the skin. The depth below a surface interrogated by SORS depends on
the system'’s optical properties and is difficult to estimate for complex bone material. This paper uses
830 nm laser excitation to investigate the influence of bone mineralization on photon migration pro-
perties in deer antler cortex, equine metacarpal cortex and whale tympanic bulla. Thin slices form each
type of bone (thickness: 0.6—-1.0 mm) were cut and put together on top of each other forming stacks
with a total thickness of 4.1-4.7 mm. A 0.38 mm thin slice of polytetrafluoroethylene (PTFE) served as a
test material for Raman signal recovery and was placed in between the individual bone slices within the
stack. At SORS offsets of 8.0-9.5 mm Raman bands of materials not present in healthy bone (e.g. PTFE as
an example) can be recovered through 4.4-4.7 mm of cortical bone tissue, depending on mineralization
level and porosity. These findings significantly increase our understanding of SORS analysis through bones
of different composition and provide information that is vital to determine the value of SORS as a medical
diagnostic technique. The data serve to define which SORS offset is best deployed for the non-invasive
detection of chemically specific markers associated with infection, degeneration and disease or cancer

rsc.li/analyst within bone.

1. Introduction

Raman spectroscopy is an important analytical tool that pro-
vides chemically specific information but in opaque solids it is
limited to the analysis of the surface layers. Spatially offset
Raman spectroscopy (SORS) provides a means to obtain sub-
surface Raman spectra permitting full chemical characteriza-
tion at differing depths below the surface of turbid samples.
SORS continues to be developed and is used in a multitude of
applications." The concept behind SORS is that there is a
spatial separation between the point of laser illumination and
the point of Raman signal collection on the sample surface.
This can be achieved in different sample illumination and
Raman collection configurations, e.g. using specialized optical
elements,” fiber optic probes,® or digital micro-mirror
devices. The depth from which the signals are obtained
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depends on the distance between the light delivery and collec-
tion points. Larger spatial separations favor the interrogation
of deeper layers but there is also a dependence on the scatter-
ing properties of the sample.

SORS has proven to be particularly advantageous in the bio-
medical area,’ e.g. for non-invasive quality assessment of red
blood cells within sealed PVC bags.® In this domain, near
infrared excitation wavelengths are generally very beneficial as
fluorescence interference is significantly reduced and large
accessible depths can be achieved due to low absorption of
biological samples present in a part of this spectral region.”®
Often SORS spectra can be retrieved through several milli-
meters of diffusely scattering media. Current areas of active
research using SORS include the detection of tumors,”'° the
characterization of bone tissue engineering scaffolds’' and
the assessment of bone fracture healing."®> Furthermore,
the identification of potential bone disease markers'*™> and
the detection of abnormal bone formation in soft tissue'®
has been addressed. Several investigations have been con-
ducted with different SORS illumination and collection
geometries’”'? and bone Raman spectra have been retrieved
successfully through 3-5 mm of overlaying soft tissue.” The
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potential of SORS for the in vivo detection of pathological bone
has recently been demonstrated in the case of the genetic con-
dition osteogenesis imperfecta.”

Despite these promising results there are major barriers to
the clinical translation of the SORS technique. A key issue, and
one we seek to address in this paper, is associated with ques-
tions regarding the depth Raman spectra are being recovered
from for a particular sample at a given spatial offset. For bone,
the subject of this paper, to date there is only limited infor-
mation available about where within the bone the signal orig-
inates. It would be expected that the optical properties of bone
material are related to the tissue composition and in order to
get a more detailed insight into photon migration our group
has conducted studies on cortical long bones**** and prelimi-
nary investigations on highly mineralized bone tissue.>* We
have now significantly expanded on our preliminary work
using SORS offsets of up to 9.5 mm to assess photon migration
properties and Raman signal recovery from depth within three
selected bone types. Beside typical long bone tissue the speci-
mens comprise two types of bone (antler and bulla respect-
ively) that exhibit amongst the lowest and highest mineral-
ization levels in nature.

2. Materials and methods
2.1 Bone specimens

All bones have evolved and adapted for a specific function and
their composition reflects adaptation for that particular
purpose during evolution.>® In this study we used an equine
metacarpus as an example of a typical long bone resisting
torsion and bending during locomotion, a deer antler as an
example of a significantly less mineralized bone, adapted for
toughness and fracture resistance in fighting and a tympanic
bulla from a whale as an example of a highly mineralized
bone, optimized for sound transmission. These samples cover
a wide range of the mineralization levels that can be found
in bone.

A cannon bone (third metacarpal bone) from a mature thor-
oughbred racehorse (obtained from an equine abattoir) was
excised, separated from the remaining soft tissue using a
scalpel, wrapped in Clingfilm, and fresh frozen in a —20 °C
freezer. Before the cutting procedure the bone was allowed to
thaw at ambient temperature (20 °C). From the metacarpus
two sections with a length of 4 cm each were cut from the
metaphysis (the end-shaft) with the cutting direction perpen-
dicular to the long axis of the bone.?* After an initial cut along
the long axis of the bone the outermost slices from both sec-
tions with an approximate thickness of 2 mm each were dis-
carded due to their natural curvature. Subsequently, seven thin
slices of cortical bone with thickness 600 + 30 pm (average +
standard deviation) were cut from these two sections using a
high precision diamond-edged band-saw (EXAKT 300, EXAKT
Advanced Technologies GmbH, Germany).

The antler bone (obtained from a red deer from a commer-
cial deer farm in SW England) was processed in a similar way

3220 | Analyst, 2017, 142, 3219-3226

View Article Online

Analyst

to the equine metacarpal. Two sections with a length of 4 cm
each were cut from a standard site at the base of the antler, i.e.
near the point where it is attached to the skull of the deer and
seven slices of cortical bone with a thickness of 670 + 50 pm
were cut (the cutting direction was parallel to the long axis of
the sections/organ).

The tympanic whale bulla (kindly provided by Prof. John
Currey, University of York, UK) was cut in half at the center
with the cutting direction perpendicular to the long axis of the
bone. Using the same cutting direction, four slices with a
thickness of 1030 + 30 pm were cut. In this case, the slices
were thicker because the highly mineralized bulla bone is very
brittle and attempts to cut thinner slices were not successful.

Following the cutting of the samples, the individual slices
and the remaining part of the bone section from which they
were cut (hereafter named the “bone segment”) were
thoroughly rinsed with tap water. The specimens of metacar-
pal and antler were held in a plastic container filled with tap
water to prevent dehydration and stored in a refrigerator at
5 °C. Owing to the fact that the bulla bone was already in a dry
state before cutting and due to its intrinsically much lower
water content compared to antler and long bones,”® the whale
bulla samples were kept dry, wrapped in Clingfilm and stored
at room temperature. Before spectroscopic analysis all samples
were allowed to equilibrate at ambient temperature for one-
hour prior to data collection.

2.2 Spatially offset Raman spectroscopy instrument

A custom built instrument (Cobalt Light Systems Ltd,
Oxfordshire, UK) based on the inverse SORS technique®*’ was
used to conduct the Raman measurements. To minimize fluo-
rescence interference and to exploit low absorption of biologi-
cal tissue in this spectral region the excitation wavelength used
was 830 nm. The near-infrared diode laser delivers an annular
illumination zone (ring thickness: 1 mm) with an optical
power of 330 mW at the sample position. While the laser exci-
tation ring has a selectable radius to adjust the spatial offset
the signal collection zone is located at the center of the illumi-
nation ring in all cases.” In this study, the spatial offsets
between excitation and collection areas were selected from
0 mm to 9.5 mm in increments of 0.5 mm.

The scattered radiation emerging from the collection zone
(ca. 1.5 mm diameter) was spectrally filtered and only the
Raman-shifted components were imaged onto a low-loss
Optran WF fiber bundle (CeramOptec, East Longmeadow,
MA). The fiber bundle is connected to a spectrograph (Raman
Explorer, Headwall, MA) with attached CCD detector (Andor
iDus 420 BR-DDj; Andor, Belfast, Northern Ireland) providing
a spectral resolution of 8 cm™'. Additional information
about this SORS instrument is available from our earlier
publications.>**®

2.3 Photon migration assessment

For the investigation of photon migration properties inside the
different types of bone individual slices of each species were
put together forming stacks of 7 layers (equine metacarpal and
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deer antler) and 4 layers (whale bulla). The total stack thick-
ness was 4.17 mm, 4.69 mm and 4.12 mm for metacarpal,
antler and bulla, respectively. Results of our previous work on
photon migration®® indicated that a diffuse scattering material
beneath the actual depth inside the bone probed by SORS is
essential for the effective return of photons, ie. the target
region needs to be surrounded by a diffusely scattering
medium. When selecting a target depth at or close to the
bottom of the stacks of bone slices this condition would not
be met without additional material being present underneath.
To account for this effect, in the present study the stacks of
bone slices were put on top of the corresponding bone seg-
ments to allow for efficient signal recovery for all investigated
depths. During the measurements, the samples of antler and
metacarpal were kept moist while the bulla bone was kept in a
dry state (owing to its much lower water content®).

To determine the depth inside the bone tissue from which
the detected Raman signal originated, a 380 pm thin slice of
polytetrafluoroethylene (PTFE) was used as reference material.
It was first inserted on top; then between the bone slices of the
stack as well as below the stack (i.e. immediately above the
bone segment). PTFE was chosen for this purpose because it
has a pronounced Raman band at 734 cm™" separated and
well resolved from all major bone signals. Furthermore, the
signal strength of that characteristic PTFE band is of the same
order of magnitude as the main bone phosphate signal at
961 cm™ . For each investigated depth of the PTFE layer three
randomly selected lateral positions on the sample surface were
probed. At each spot 30 s spectra were collected, composed of
300 x 0.1 s accumulations in the case of metacarpal and
antler. Due to very strong fluorescence from the bulla bone,
causing the CCD detector to saturate at 0.1 s integration time,
500 x 0.06 s accumulations were recorded in this case, keeping
the total acquisition time constant.

2.4 Data analysis

Before analysis, the spectra were multiplied by a correction
function (obtained by means of a luminescent green glass
standard) to correct for the sensitivity variation across the
CCD, ie. eliminating artifacts due to filter effects and CCD
etaloning. The band intensities and ratios of the prominent
bands of PTFE (C-F and C-C symmetric stretch at 734 cm™*)*°
and bone (phosphate symmetric stretch at 961 cm™')'® were
calculated using Microsoft Excel (Microsoft, Redmond, WA) as
described previously.”® Calculations of the PTFE signal-to-
noise (S/N) ratio involved the background noise value as
determined in the spectral range from 660 cm™" to 710 cm™,
which is free from Raman signals of both PTFE and bone.
A Gaussian distribution was fitted to the PTFE to bone Raman
intensity ratios dependent on SORS offset to determine the
offset which gives the maximum PTFE signal for a specified
depth. To calculate signal recovery depths the PTFE S/N ratio
in dependence of the depth of the PTFE slice inside the bone
stack (corresponding to the overlaying bone thickness) was
fitted using an exponential function. Uncertainties were esti-
mated using the standard deviation of the three repeat

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

measurements probed for each depth of the PTFE slice inside
the bone stacks. The entire data fitting was performed using
Matlab R2013a in conjunction with Ezyfit Toolbox.

3. Results and discussion
3.1 Bone material properties

The variations in composition are associated with differences
in biological function of the selected bones.*® The antler
needs to be tough as it is used to fight other male deer and the
selection pressure for stiffness is not great. In this case, selec-
tion rather strives for toughness to avoid brittle fracture ulti-
mately resulting in a bone with high collagen content (i.e. low
mineralization). For the metacarpal bone, stiffness (related to
energy efficiency, a muscle wastes energy if a bone bends
excessively) is the main driver of the composition but the
organ cannot get too stiff or it will be susceptible to fracture.
The bulla bone serves as a sound conductor and therefore a
large stiffness (i.e. high mineralization) is favorable.

To quantify the compositional differences of the bone
samples, two Raman peak ratios were taken. Firstly, the inten-
sity of the bone phosphate band at 961 em™" divided by the
intensity of the CH, deformation band at 1450 cm™" (mineral-
ization ratio), and secondly the intensity ratio of the bone
phosphate band at 961 cm™" to the bone carbonate band at
1071 cm™" (carbonate substitution) were calculated. For com-
parison, also the density and porosity values of the bone speci-
mens were compiled from the literature®* >’ and all results are
shown in Table 1.

As expected,”® the bones showed pronounced differences
with respect to their mineralization ratio and the antler had
the lowest value. The ratios determined for the metacarpal and
the bulla were larger by a factor of 1.5 and 14, respectively.
Regarding the carbonate substitution, the bulla exhibited the
largest value here as well. However, not the antler as least
mineralized bone but the metacarpal bone had the lowest car-
bonate substitution ratio. The maximum variation between
lowest and highest carbonate substitution is 28% in this case.

The optical properties of bone are influenced by its density
and porosity as well. The trend for the material density follows
the trend for the mineralization, i.e. antler having the smallest

Table 1 Material characteristics of bone samples investigated in this
study. Raman band intensity ratios are given as mean + SD. The values
for density,*>*! and porosity,*>** (given in italics) are compiled from
available literature data

Equine

Deer antler metacarpal Whale bulla

Phosphate to CH, deformation 4.86 +0.06 7.39+0.09 68 +7
Raman intensity ratio

Phosphate to carbonate 5.3+0.3 4.60 £ 0.08 5.87 +0.07
Raman intensity ratio

Densitylg cm™? 1.86-1.89  2.06-2.20  2.47-2.49
Porosity/% 2.2-19.3 3.3-5.8 1.9-4.0
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density and bulla being the densest material with a variation
of 34% between them. On average, the metacarpal is slightly
(1.6%) more porous than the bulla but both types of bone
tissue have comparable values for porosity. For the antler,
however, the reported porosity covers a wide range up to
almost 20%. The literature directly comparing antler and
typical long bones is quite ambiguous regarding the porosity
ratios between these two types of bone. Currey*> reported
average porosities of 4.55% for long bone and 16.35% for
antler (ratio: 3.59) while Chen et al.** found porosities of 5.1%
for long bone and 9.1% for antler (ratio: 1.78). As one single
type of bone cannot be partially demineralized®® one potential
way to eliminate, or at least reduce, this difference in porosity
would be to grind the bone tissue with different mineralization
levels down to the same grain size - followed by compression
into discs of defined thickness. This approach would overcome
the issue of varying porosity but is less clinically relevant than
using intact bone tissue as it would destroy the complexity of
the bone micro-structure from which the optical scattering is
likely to occur (e.g. the lamellae).

It has been reported that the cortical porosity of antlers
varies along the main shaft with the lowest values found near
the proximal end (ie. close to the antler base).**?°
Furthermore, there are significant differences in porosity of
antler cortex between free-ranging deer (10.5%) and animals
kept in the controlled environment of a deer farm (2.2%).>* To
account for the effect of porosity and to minimize its influence
on our experiments, we therefore acquired an antler bone from
a deer farm and selected a sample position next to the base of
the antler. For our study we can summarize that potential
differences in photon migration properties between bulla and
metacarpal are likely, to a large extent, attributable to differ-
ences in their mineralization while for the more porous antler
bone the lower mineralization may not be the only contribut-
ing factor.

3.2 PTEFE signal recovery of buried PTFE layer

Representative SORS spectra of the three different bone types
with the PTFE layer placed at depths of 4.0-4.2 mm inside the
bone tissue, recorded at 0 mm offset and 9 mm offset, are dis-
played in Fig. 1. The spectra were background corrected using
a 7" order polynomial fitting algorithm (Mathworks
MATLAB)*” and vertically offset for clarity.

As expected,>** the characteristic PTFE band at 734 cm™*
is not readily observed in any of the zero-offset spectra giving a
poor S/N ratio of 1.7, 1.5 and 1.9 for the antler, metacarpal and
bulla, respectively. Upon moving to a SORS collection geometry
improved signal recovery of the buried PTFE layer is achieved
as indicated by the spectra taken at 9 mm offset (see Fig. 1)
showing S/N ratios of the 734 cm™" PTFE band of 5.4, 3.5 and
3.7 for antler, metacarpal and bulla, respectively.

3.3 PTFE signal recovery dependence on spatial offset for
variable PTFE depth

The PTFE-to-bone Raman intensity ratios were calculated for all
spatial offsets and for all investigated depths (i.e. each position
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Fig. 1 Background-corrected Raman spectra (normalized to the bone
phosphate band intensity at 961 cm™) of deer antler, equine metacarpal
and whale bulla with a PTFE layer located below 4.0-4.2 mm of bone
and with a bone segment placed beneath the stack. The spectra are dis-
played for spatial offsets of 0 mm and 9 mm and are vertically offset for
clarity.

600

in the ‘stack’). Representative results are shown in Fig. 2. At a
depth of 1.0-1.4 mm the PTFE-to-bone ratio increases with
SORS offset up until a maximum point and then decreases. The
maximum PTFE-to-bone ratio is higher (0.55) for antler than it
is for metacarpal and bulla (0.23 and 0.16) respectively and the
offset at which the maximum occurs is lower for antler (2 mm)
than it is for the other two (4 mm metacarpal and 4.5 mm
bulla). This indicates that it is easier to recover signal from
depths in less mineralized bones and that best signal recovery
in more mineralized bones requires larger spatial offsets. For
antler, however, these results should be seen in the context of
its higher porosity compared to metacarpal and bulla.

Fig. 2(b) shows the results from placing the PTFE layer at a
greater depth of 3.0-3.3 mm. As would be expected the PTFE-to-
bone ratio is lower compared to the smaller PTFE depth pre-
sented in Fig. 2(a) (by a factor of 3.2 for antler, 2.6 for metacar-
pal and 2.0 for bulla). The curve profiles for the two selected
PTFE depths show different behavior, at 3 mm a monotonic
increase contrasts with an increase in value to a maximum and
then a decrease as the SORS offset is enlarged. However, in
both cases the antler bone returns the greater PTFE signal recov-
ery compared to the metacarpal or bulla, most likely due to a
combination of its lower mineralization and higher porosity.

3.4 Major sampling depth inside bone

From the data presented in Fig. 2(a and b) it is possible to
determine the optimum SORS offset yielding the maximum

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 PTFE to bone Raman intensity ratio dependence on SORS offset
for deer antler, equine metacarpal and whale bulla; (a) PTFE at depth of
1.0-1.4 mm, (b) PTFE at depth of 3.0-3.3 mm.

PTFE to bone intensity ratio. Importantly, provided that a
priori information about the level of mineralization and poro-
sity of the specimen are known, this permits one to estimate
the approximate depth from which the major Raman signal
contribution is collected for a given spatial offset within
exposed bone during SORS measurements. Fig. 3 shows which
offset gives the maximum signal for a specified depth. In line
with our previous investigations on equine metacarpal® it is
clear that the deeper the target (in this case the PTFE) is
located within the bone the larger the SORS offset is needed to
probe it effectively. The present data extends this earlier
measurement and demonstrates that the depth of Raman
signals collected from for a chosen SORS offset also depends
on the level of bone mineralization. Taking a spatial offset of
ca. 4 mm as an example, the major signal was recovered from
depths of 1.4 mm, 1.2 mm and 1.0 mm for antler, metacarpal
and bulla, respectively. In summary, it requires a greater SORS
offset to reach material that is less than 2 mm from the
surface in more mineralized bone.

Interestingly, it is the opposite for depths larger than
2 mm. In the case of 8 mm spatial-offset for example, the
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Fig. 3 SORS offsets giving maximum PTFE to bone ratio for selected
PTFE depths below the bone surface determined for deer antler, equine
metacarpal and whale bulla.

major signal contribution could be retrieved from depths of
2.6 mm for antler, 3.0 mm for metacarpal and 3.1 mm for
bulla. This effect could indicate mineralization-specific differ-
ences in photon penetration properties (ie. getting light
beyond the surface) and photon propagation properties. For
effective sampling at large depths (i.e. >4 mm) SORS offsets
between 8.5 mm and 9.5 mm are required for all investigated
bone types. It should be noted that the values given in Fig. 3
represent those depths from which the major signal contri-
bution arises rather than the largest accessible depth; which
in turn is dependent on the S/N ratio of a Raman band of the
target substance.

3.5 Maximum accessible depth for signal recovery

Fig. 4 displays the S/N ratios of the prominent PTFE band at
734 cm™! at different depths and for two selected SORS offsets.
The largest S/N ratios being achieved with zero-offset and the
PTFE layer at the surface. The ratios determined at 0 mm
offset quickly decrease with increasing depth of the PTFE
layer; the reduction for the largest investigated depths are by
factors of 85, 106 and 34 for antler, metacarpal and bulla,
respectively.

When the PTFE slice is placed at the bone material surface,
i.e. on top of the stack of bone slices, and an offset of 9 mm is
used the overlap of the PTFE target layer and the probed
volume is minimal. With the PTFE moved deeper into the
bone tissue the overlap will increase as well as the S/N ratio.
However, this increase is accompanied by a general reduction
in the total number of Raman photons recovered. Combining
these two effects leads to results given in Fig. 4 (dashed lines).
At a fixed offset of 9 mm, the reductions in S/N ratios going
from zero depth of the PTFE layer, i.e. if it is located on top of
the stack of bone slices, down to the largest investigated
depths is by factors of 4.6 for antler, 6.2 for metacarpal and
2.2 for bulla.
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PTFE slice for spatial offsets of 0 mm and 9 mm using bone slices of
deer antler, equine metacarpal and whale bulla. The lines are only drawn
to guide the eye.

The data presented in Fig. 4 suggests that there exists a
specific depth for each bone where the S/N ratio is equal for
zero and 9 mm offsets. This depth is dependent on the level of
bone mineralization (as well as affected by porosity for the
antler bone) and the corresponding values are 2.3 mm for
antler, 1.8 mm for metacarpal and 1.0 mm for bulla. However,
the majority of the signal collected always comes from the
surface in the zero-offset case and, according to Fig. 3, from a
depth of around 4 mm for spatial offsets of 9 mm.

In many cases, and especially in biomedical applications,
there is a need to understand the maximum depth from which
a given spectral signature can be detected. In the present study
this signal recovery depth has been determined using the S/N
ratios of the PTFE signal at 734 cm™" and it was regarded to be
detectable if its intensity equaled the threshold value of three
times the noise level (3-sigma criterion). Fig. 5 (filled symbols)
presents the results after smoothing by a 3-point moving
average. For all bone types an overall increase in accessible
depth is obtained with increasing SORS offset. There are
however pronounced differences with respect to the bone min-
eralization level and the data shows evidence that 830 nm light
can penetrate deeper into less mineralized bone tissue. In the
case of the antler bone, however, this should be seen in the
context of its higher porosity as well. As pointed out in our
earlier study,”® the signal recovery depth at zero spatial offset
is much larger than those values achievable with confocal
microscopy due to the significantly different excitation and
collection geometries. At zero-offset depths of 3.6 mm, 3.5 mm
and 3.0 mm can be reached for antler, metacarpal and bulla,
respectively. This effect can be highly beneficial in investi-
gations involving biological specimens because the large
probed volume can effectively reduce sample heterogeneities.

The most pronounced increase in signal recovery depth
takes place up to SORS offsets in the 4-5 mm range. Applying
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Fig. 5 Calculated signal recovery depths based on the 3-sigma
criterion for deer antler, equine metacarpal and whale bulla (ex vivo
laser power settings: | = 0.52-3.41 W cm™2, depending on SORS offset),
and for whale bulla using in vivo (I < 0.36 W cm™) laser power settings.
All data underwent smoothing by a 3-point moving average.

the largest spatial offsets (8.0 to 9.5 mm) gives the deepest
signal recovery. In this way, Raman bands of substances not
present in bone tissue can be detected up to depths of
4.7 mm for antler, 4.5 mm for metacarpal and 4.4 mm for
bulla.

Potential clinical applications include the detection of
characteristic Raman bands associated with the presence of
pathological minerals due to early stage bone infection of dia-
betic patients that are not present in healthy bone tissue.*®*°
It is interesting to see that the demonstrated signal recovery
depths in this study applying conventional SORS (i.e. without
any signal enhancement effects in place) are more than half
the distances achievable with surface-enhanced SORS
(SESORS).* In the latter case, due to the involvement of metal
nanoparticles for strong signal enhancement, depths of up to
about 8 mm in bone have been demonstrated.*!

3.6 Dependence of signal recovery depth on laser power

To assess a potential power dependence of photon migration
effects the investigations have been repeated for whale bulla
under identical experimental settings but with the laser power
reduced to levels for skin-safe illumination (maximum per-
missible exposure level) according to BS EN 60825-1, i.e. not
exceeding power densities of 0.36 W m™>.

At the lower laser power the major sampling depth is vir-
tually identical to the data presented in Fig. 3 (data not
shown). However, there are pronounced differences in the
maximum achievable depths for signal recovery as displayed
in Fig. 5 (open circles). Using large spatial offsets around
9 mm maximum accessible depths inside the bone tissue of
about 3.8 mm can be achieved. Compared to the ex vivo data
(filled triangles in Fig. 5) these depths are on average reduced
by 0.8 mm when using the permitted in vivo laser power
levels.

This journal is © The Royal Society of Chemistry 2017
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These results indicate that the depth from which the main
signal is collected does not show a pronounced difference with
regards to the applied laser power in the range of powers used.
For a given spatial offset, injecting a larger number of photons
into the bone tissue does not move the major signal collection
depth deeper into the bone. Nevertheless, as the overall
number of photons is significantly reduced in the in vivo mode
the likelihood of photons travelling into larger depths is
reduced as well. As overall Raman signal intensity levels
are smaller using in vivo laser power settings, the maximum
depth for signal recovery according to the 3-sigma criterion
is decreased in this case. It is noteworthy that the above
defined probed volume inside the bone can be adjusted by two
independent parameters, the spatial offset and the laser
power. Up to the point where the effect of photon loss to the
sides of the sample prevents photon migration back to the
detector an increased laser power (e.g. in compliance with the
new laser class 1C as introduced in BS EN 60825-1:2014) is
therefore expected to enable the recovery of signals from larger
depths.

4. Conclusion

This study provides valuable information about photon
migration and the depth Raman signals are recovered from
within selected bones of different mineralization. At depths of
less than 2 mm clear differences between the selected types of
bone have been observed. The underlying effects are not yet
fully understood but the results indicate that photons can
more easily migrate inside less mineralized bone tissue. At
greater depths, we found that probing at the same depth
inside the sample requires a slightly smaller SORS offset for
more mineralized bone tissue. However, in the case of antler
the higher porosity compared to metacarpal and bulla may
also contribute to the observed effects.

The maximum accessible sampling depth was found to be
dependent on the bone mineralization level as well. Raman
signals not present in healthy bone tissue could successfully
be recovered down to depths of 4.4-4.7 mm with the larger
figure being from the less mineralized bone. It should be
noted that this result may be not only due to the mineral
content but partially be caused by the higher porosity of
the antler as well. Applying safe laser illumination levels
compatible with in vivo applications, even in the dense and
highly mineralized bulla depths of up to 3.8 mm are still
accessible. These results demonstrate the great potential of
SORS for non-invasive screening of bone for the presence of
infection, degeneration or cancer lesions deep inside bone
matrix to determine their presence and nature or cancer
margins, e.g. in the operating theatre where exposed bones
are accessible.
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