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ABSTRACT Spatially offset Raman spectroscopy (SORS) offers the prospect of collecting spectral informa-
tion detailing the molecular composition of biomaterials at greater depths below the surface layers than are
normally probed by conventional Raman spectroscopy. By collecting off-axial scattered light, the technique
overcomes the large background from in-line light within scattering media. In this paper we present a
configuration which enables the highly efficient collection of spectral markers, indicative of bone health,
including Raman signatures to assess phosphate, collagen and carbonate content, at millimeter depths.
We demonstrate the effectiveness of the technique by performing spectral decompositions to analyze the
molecular distribution of these markers non-invasively, using in vitro model systems, comprising bone and

tissue, in situ.

INDEX TERMS Depth profile, high efficiency, spatially offset Raman spectroscopy.

I. INTRODUCTION

Raman spectroscopy has previously been used to provide
unique “fingerprint” information to determine both sample
composition and molecular structure in a wide range of mate-
rials [1]. When combined with its features of being a label
free, non-invasive and potentially non-destructive technique,
these attributes have also made it widely applicable in mate-
rials characterization for life sciences, forensic science or
archaeological investigations [2]-[5].

More recently, Raman Spectroscopy has also been used
in biomedical applications, including the evaluation of bone
structure, assessing key markers of health that include for
example signatures for phosphate, collagen and carbonate
content (where variations in the composition, as a ratio of
mineral and organic matrix components provide a proxy for
health and disease). Examples of such investigations include
measurements of the local heterogeneities in native and engi-
neered cartilage surrounding the bone to evaluate regenera-
tive tissue engineering approaches [6], whilst other studies
of different bone diseases [7]-[10] have indicated that the
technique can be used as a diagnostic tool. Key Raman mark-
ers include the measurement of the width of the phosphate
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band [11] or the ratio of collagen matrix to mineral (as an
indicator for bone density and mineralization, both of which
change with age and disease). Similarly, determination of the
substitution of carbonate ions for phosphate in bone is known
to decrease bone crystallite size and increases the number
of defects — and again has been used as a measure of bone
health [12]. Furthermore, whilst McCreadie et al. demon-
strated that the ratio of carbonate to phosphate in osteoporotic
bone is higher than that in normal bone [13], others have also
discussed the potential of Raman as a tool for the diagnosis
of bone diseases [14]-[16].

However, one of the deficiencies of Raman spectroscopy
remains its shallow penetration depth, a consequence of
both the magnitude of the excitation laser light at a certain
depth, and the ability of the microspectroscopy instrumenta-
tion to detect the resultant Raman excited photons within an
appropriate timescale. Thus, in its normal operational mode,
Raman microspectroscopy can only interrogate molecular
compositions to depths of several hundred micrometers into
opaque or heavily scattering samples, thereby restricting its
application for in vivo testing.

Spatially offset Raman spectroscopy (SORS) [17] expands
the current application of co-axial Raman microscopy due to
its deep detection ability, enabling its use in bulk analysis e.g.
in quality assurance, security screening, and the biomedical
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in vivo detection [18]—-[21]. It has already been proposed as
a method with the potential for in-situ transcutaneous char-
acterization of bones (passing through several millimetres of
soft tissue in chicken and humans [18]) as well as in exploring
osteogenesis imperfecta with a mouse model (where SORS
was shown to be more sensitive than conventional Raman
spectroscopy [19]). Finally, the technique has also been used
to predict bone mineralization and strength [20].

However, despite the potential for use in biomedical sci-
ences, there can be fundamental issues when using the tech-
nique, including complex offset control and low efficiency
for the collection of off-axial scattered light (both limiting
practical aspects such as the throughput of measurements).
As a consequence, more recently, variants of SORS such as
fiber-based SORS [22], inverse SORS [23] and SERS-SORS
[24], have emerged, primarily with the aim of improving its
penetration depth. In addition to these methods, digital micro-
mirror devices (DMD) have been used to create a patterned
array of collection features enabling the off-set to be pre-
programmed. In such systems, the mirror elements within
the DMD replace the fibers, commonly used in fiber-based
SORS, offering the advantage to the user of being able to
change the mirror pattern so as to probe different spatial
offsets, without the need to physically reposition optical com-
ponents in the system (which can be cumbersome and time
consuming, as in the case of a fiber-based system). In the
original implementation of this method [25], a semi-circular
pattern consisting of 16 discrete collection points was used
as the DMD pattern to collect spectra from model polymeric
constructs [25].

Raman spectra are 107% weaker than Rayleigh scattered
light. In addition, SORS spectra that are collected from “‘off-
axis” annuli are even weaker than Raman spectra collected
axially (or “in-line’’). As a consequence, the highly efficient
collection is important for new applications of SORS, partic-
ularly those where sensitive measurements are being made
in opaque and highly-scattering media. We now propose
an implementation of SORS with both a greater collection
efficiency and flexible offset settings, achieved by placing
a continuous ‘offset’ pattern on the DMD. This enables a
combination of the highly efficient collection of signals cou-
pled with a greater flexibility in the offset setting. Using
chicken bones as exsanguinated hard and soft tissue model
samples, we show the ability to reproducibly measure the
relationship between spatial offset value and the penetration
depth. Further by testing molecular compositions we are able
to perform deconvolution of the spectra to show the char-
acterization of key molecular markers at penetration depths
of ~2 mm, revealing differences of mineral and organic
matrix components in tissues, i.e. providing information for
use in a potential diagnostic tool for early-stage disease.

Il. MATERIAL AND METHODS

A. SPATIALLY OFFSET RAMAN SYSTEM

In contrast to conventional co-axial Raman spectroscopy,
SORS acquires signals from photons that exit the sample from
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FIGURE 1. Schematic of SORS system with DMD controlling. Note: DMD,
digital micro-mirror device; NF, notch filter.

positions that are not on the central axis of the illuminating
light i.e. there is a lateral offset between the laser beam and
the collected Raman signal, where the latter is due to different
lateral migrations of Raman photons in different layers; in
contrast, the offset between the source and signal positions in
conventional Raman is zero.

A schematic of the system constructed here is shown
in Fig. 1 in which a 532 nm continuous wave (CW) laser
(Melles Griot, US) is used as the excitation source (6.8 mW
at the sample), which is reflected by a dichroic mirror
(DMLP550R, Thorlabs, US) and focused onto the sample
after passing through an objective (different objectives used
in different tests, 10x, 0.5 NA, Zeiss, Germany, 4x, 0.1 NA,
Zeiss, Germany and 2x, 0.06 NA, Olympus, Japan). The
SORS signal was collected by the same objective along the
original light path, transmitted through the dichroic mirror
and focused on a DMD (DLP4500, Texas Instruments, con-
sisting of a 912 x 1140 array of micro-mirrors on a 10.8 yum
pitch) by a lens with 125 nm focal length, the pattern of
switched on mirrors on the DMD was formed by sending
a suitable bit mask to the DLP4500 chip using the control
software from Texas Instruments, more detail concerning
the relationship between the offset and DMD pattern can be
found in [25]. According to the pattern set on the DMD,
specific offset Raman signals were reflected and focused into
the spectrometer (1200 g/mm grating, Synapse CCD, TRIAX
320, Horiba, France). The spot sizes of the focused laser
when using the 10x, 4x and 2x objectives were estimated
as 7 um, 17 um and 37 um respectively, and so, as with
other SORS measurements, is small compared to the range
of offsets measured below.

B. DATA PROCESSING AND MATERIALS

All spectra were processed by Matlab software (version
2017b, The MathWorks, USA) and Origin software (version
2016, OriginLab Corporation., USA) for spectra separation,
baseline correction and smoothing. Custom written software
was constructed based on Matlab to extract the SORS spectra
from the detector image by employing a correction to com-
pensate for ‘shifts’ in the spectra depending on their vertical
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position on the detector. For pre-processing, a polynomial
function was used to perform baseline correction by elimi-
nating the fluorescent background and performing Savitzky-
Golay smoothing with a two-degree polynomial. For spectra
decomposition, multivariate curve resolution was employed
to reconstruct the spectra.

The efficiency of the system was first characterized using
poly (methyl methacrylate), PMMA sheets, of 3 mm thick-
ness from Oroglas (Arkema Group, France). Chicken bone
and its supporting tissue were stored at —18° and defrosted
and placed in water immediately prior to measurements. Sub-
sequently, chicken bones were used as exsanguinated hard
and soft tissue model samples in order to characterize the
instrument’s performance in an in vivo-like model.

Ill. RESULTS AND DISCUSSION

A. HIGHLY EFFICIENT OFFSET RAMAN SIGNAL
COLLECTION

As stated, we propose a novel implementation of SORS
with a higher efficiency of signal collection and a greater
flexibility in the offset settings, achieved by placing a con-
tinuous ‘offset’ pattern within the collection DMD. In con-
trast to the previous use of discrete DMD patterns for the
collection of off-set spectra, as stated, the continuous pattern
enables a combination of an improved efficiency of collection
of signals with a greater flexibility of the offset setting.
To demonstrate the advantages, a comparison between the use
of discrete and continuous pattern is shown as Fig. 2. As with
other grating spectrometer-based measurements, the spectral
resolution was determined by the effective slit width at
the entrance to the spectrometer (together with the grating,
detector and spectrometer focal length). In the DMD based
configuration here, the effective slit width was calculated
from the width of the subarray of micro-mirrors that are
switched ‘on’ for a given row in the array (Fig. 2(a)), and
the magnifying power of the relay lenses between the DMD
array and the spectrometer entrance in this case is around
0.75 (Fig. 1). Thus, a row of 10 switched ‘on’ micro-mirrors
corresponded to an effective slit width of 80 pum.

In order to ensure that the spectra collected on each row
of the CCD detector had the same resolution, we kept the
number of micro-mirrors that were switched ‘on’ constant for
each row in the DMD array. This had the effect of tapering
the width of the annulus formed by the ‘on’ mirrors, when
the width is viewed perpendicular to the annulus normal.

Fig. 2(a) shows a discrete pattern similar to that used
previously [25] with the corresponding image on the CCD
detector obtained when implemented in our system is shown
as Fig. 2(b). Together with the lateral shift of collection
points from the centre of the semi-circle pattern on the
DMD, the spatial shift of each beam reflected from collection
points was collected, giving the spectra shift in different
horizontal tracks relative to each other. The gap between each
collection point in Fig. 2(a), although not having a significant
influence on the average intensity, led to a reduction in the
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FIGURE 2. lllustration of the mirror pattern used in the discrete (a) and
continuous (c) DMD patterns; (b) and (d) images on CCD corresponding to
the discrete and continuous patterns. The sample used was a 3 mm thick
PMMA sheet. For (a) and (c), the x, y axis are the indices of the
micro-mirror array on the DMD chip; for (b) and (d) the x, y axis are CCD
pixel elements of the detector.

intensity calculated in the ‘summed’ signal, resulting in a low
collection efficiency.

In addition, in practice, some of the emitted Raman light
reflected from discrete blocks of switched on DMD mirrors,
only partially illuminates the tracks on the CCD due to pixila-
tion effects, leading to difficulties in distinguishing the low-
level signals at borders (with the background counts on the
detector leading to a degradation in the signal/noise ratio).
Thus, when using a discrete pattern, it is difficult to guarantee
that every element corresponds to exactly the same offset
value with a consequent decrease in both the spatial resolution
and reduction in signal to noise quality (i.e. detection limit).

In order to make the system more sensitive, more effi-
cient and more robust, we instead used a continuous semi-
circle pattern to acquire the SORS signals, as shown
in Fig. 2(c) and (d).

To compare results from the discrete and continuous pat-
terns, we used 16 collection points consisting of 30 x 30 pix-
els for each of the discrete elements with 10 micro-mirrors
forming the vertical gap, as used in a previous study [25].
Fig. 3(a) shows spectra from the continuous and discrete
patterns where it can be seen that the collected intensity
increases by ~25% when compared to the former pattern.
In the case of both configurations, to obtain the spectra,
the locus traced out by a single spectral line (feature) as a
function of positional height on the detector can be measured
and modelled with a smooth curve (i.e. the locus of a partic-
ular bright line in Fig. 2(b) or 2(d)). This model was used to
shift the horizontal pixel axis for each of the rows, so that a
given spectral feature appears at the same x-pixel number for
each row in the transformed detector image.

To validate this approach, we compared the spectra
obtained from summing all the rows in an image that result
from a continuous DMD pattern, after they have been sub-
jected to such a transformation, with that of a single row in
the image. The result shown in Fig. 3(b) illustrate that the
spectra from the continuous DMD pattern does not lead to
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FIGURE 3. (a) Comparison of PMMA spectra detected using discrete and
continuous DMD patterns; (b) Comparison of PMMA spectra from the
whole continuous pattern and that from a single horizontal strip
corresponding to a block of 30 switched on DMD mirrors. The spectra are
normalized for clarity.

an increase in the halfwidth in any of the peaks nor is there
any crosstalk between rows that leads to a measureable loss in
spectral resolution when measuring samples of this type and
with this spectrometer grating.

It is important to note that the spectral resolution in the
DMD SORS configurations is determined by a convolution
of functions involving the width (in the horizontal direction)
of the DMD mirror pattern (which corresponds to an effective
slit width), the spectrometer grating and the detector. Thus,
if highest resolutions are required for samples that have sharp
spectral features, the horizontal width at the top and bottom
of the arc that defines the continuous DMD pattern should be
tapered so as to provide a similar resolution to the central part
of the curve.

B. BONE MINERAL COMPOSITION PROFILES

As discussed above, SORS has already been used for the
analysis of spectral biomarkers that are proxies of bone health
and to date, the DMD-based SORS configuration has been
used to characterize either constructs made from thin layers of
polymers, or hydroxyapatite mineralization involving poly-
mer scaffolds (with a focus on the polymer and phosphate
signals) [25]-[27]. Here, in order to characterize in vitro
models for bone, we have also focused on measurements that
include the relatively weak carbonate signal at 1070 cm™',
a signal that can be masked in systems containing large
amounts of polymeric scaffold material. Results have been
obtained by either using chicken feet or from model bone-
tissue constructs, as illustrated in Fig. 4(a).

SORS spectra presented in Fig. 4(b) were measured at a
series of spatial offset values. The top and bottom spectra in
the Figure are those of bone and skin alone. It is obvious that
the Raman band identified at ~960 cm~! increased from zero
to a dominant peak as the spatial offset increased; this band is
assigned to vl(PO?f) of hydroxyapatite [28], [29], the most
commonly reported band, characteristic of mineralization.
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FIGURE 4. (a) Two-layer sample structure consisting of bone and skin;
(b) SORS spectra (solid line) recorded at different spatial offset values
with the 4x objective, and the reconstructed spectra (dashed line, see
also Supplementary Material Supplementary Figure 1) for each offset.
(c) The fractional contributions based upon the magnitudes of the
reference spectra from skin or bone alone to the reconstructions of
(b). Note that the spectra are stacked and scaled for clarity of
presentation.

The bands that are the most commonly used for identi-
fying collagen include: the Raman band at ~1450 cm™!,
representing §(CH,) deformation; the peak corresponding to
the methylene side chains in collagen [11]-[13], [29]; and
the peak located at ~1660 cm™! due to the amide I C=0
stretch of proteins [30], [31]. Fig. 4(b) shows that the changes
in intensity of the collagen bands vary inversely with those
of the phosphate band, as the spatial offset value changes.
In addition, the peak at ~1070 cm™! from the intense B-
type carbonate band vl (CO§_) can be used to detect this
species [13].

Obtaining the separate component spectra that go to make
up the overall measured spectrum for each layer is attractive
for further understanding the overall structure of samples
probed by SORS. For samples consisting of simple, well
segregated, layers where each component has a well defined,
simple spectrum, this is easy to accomplish using scaled
subtractions to recover the relative contributions of each
single component spectrum to the SORS spectra. However,
for more complex systems the use of multivariate analyses
is more appropriate and tractable. Methods, such as either
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multivariate curve resolution (MCR) and/or parallel factor
analysis (PARAFAC) can be used to perform this decompo-
sition accurately. Here, we chose the MCR method described
previously [32] to perform the spectral decomposition, and
obtain the reconstructed spectra shown in Fig. 4(b) as dashed
lines for each offset. This used the relative contributions of
the skin or bone spectra to construct each SORS spectrum
shown as Fig. 4(c), see Supplementary Material Supplemen-
tary Figure 1 for the individual skin and bone spectra corre-
sponding to these contributions.

The changes in the relative intensities of the Raman bands
as a function of the spatial offset values are shown as Fig. 5.
The three different ratios, R(1450 cm~!), R(1660 cm™!)
and R(1070 cm™!), were obtained by integrating the area
under the peaks at 960 cm~ !, 1070cm™!, 1450 cm™! and
1660 cm™! separately, i.e. R(1070 cm’l) = Iogg0/l1070,
R(1450 Cmfl) = Iog0/l1450 and R(1660 Cmfl) = Ig60/11660-
The results show that all ratios increased as the spatial offset
value increases. When the spatial offset value was increased
from 0.1 mm to 0.5 mm, the ratios consequently rose from
1.6 to 3.8, 0.5 to 2.2 and 0.3 to 4.5 for R(1070 cm’l),
R(1450 cm~!) and R(1660 cm™~!) respectively.

The explanation for the increase of these ratios arises from
the fact that the offset spectra comprise Raman contributions
from both upper and lower layers as well as from Raman
photons from deeper layers such as the bone (which have a
greater chance to laterally migrate before they escape from
the sample at the interface closest to the microscope objec-
tive). Therefore, as the spatial offset becomes larger, the con-
tribution to the spectrum from the layers closest to the laser
decreases more rapidly than the contribution from the deeper
layers [17].

As also discussed above, bone mass reduction is a proxy
for osteoporosis. In order to monitor the bone mineral den-
sity in bone, the inspection of ratios of mineral to matrix,
carbonate to phosphate becomes essential in disease diag-
nosis and prediction. Relative changes in the mineral to
matrix and carbonate to phosphate ratios can be calcu-
lated from the measurements here of phosphate (960 cm™1),
amide I (1660 cm™!), carbonate (1070 cm™') and phos-
phate (960 cm™!), i.e. R (1660 cm~!) and reciprocal of R
(1070 cm™!). According to Fig. 5, the carbonate to phosphate
ratio decreases due to a smaller contribution from the broad
peak around 1000 cm ™! - 2000 cm™! from the skin as spatial
offset value goes up (this should be considered carefully in
any multivariate analysis).

C. DEPTH MEASUREMENTS

Although the high probability of lateral migration of Raman
photons emanating from deeper sources in the sample pro-
vides a larger detectable depth in SORS, the accessible
depth is also affected by the sample’s scattering properties.
To characterise the penetration depth and assess the fea-
sibility of using the instrument in future in-vivo studies,
a series of tests were conducted: Firstly, a chicken limbs were
re-constructed as exsanguinated hard and soft tissue models
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FIGURE 6. (a) Left: Three-layer sample structure consisting of bone,
muscle and skin constructed in a sandwich format; Right: an example of
SORS spectra recorded at different spatial offset values with the 2x
objective for a tissue thickness of 0.93 mm (b) Relation of spatial offset
and accessible depth for the 2x objective and DMD array size used. Note
that the spectra are stacked and scaled for clarity of presentation.

involving ‘sandwiches’ comprising fresh chicken skin as the
outer layer, muscle tissue as the middle layer and the bone as
inner layer were prepared, see Fig. 6(a) left. In these models,
the thickness of the tissue layer + was varied. As a method
to measure the penetration depth of a given spatial offset
distance, we determined the sandwich construct for which the
tissue layer thickness that led to the phosphate peak of the
bone ceasing to be observable.

Fig. 6(a) right presents the SORS spectra collected for a
0.93 mm thickness middle layer, recorded at various spatial
offsets. The CH, deformation peaks at 1450 cm™~! dominate
the spectra, whilst the phosphate peak begins to increasingly
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contribute to the acquired spectra at the spatial offsets above
0.4 mm, by presenting an individual peak at 960 cm™!. This
peak is likely to be due to more Raman photons migrating
further away from the centre of the illumination axis before
leaving the sample, where they are collected at a larger offset
position. Note, the contribution from the soft tissue layers
(skin and muscle) can still be seen when the offset value is
above 1 mm but the contribution of the bone spectrum is
relatively weak (c.f. Fig. 4).

Fig. 6(b) illustrates the effective spatial offset for which a
detectable phosphate signal could be obtained from a given
thickness of ‘sandwich’. Note, to construct this graph, sev-
eral different thickness sandwich samples from 0.35 mm to
1.8 mm were measured and measurements from offset values
from 0.1 mm to 1.4 mm were made for each one. Analysis of
all the spectra showed that, as the thickness increased, the spa-
tial offset value required to get to a detectable boundary (i.e.
the phosphate in the bone) must be progressively increased,
which is in complete accord with the theory [17]. Thus, for
the configuration and 2x objective and DMD array used here,
the maximum penetration depth that could be reached in this
chicken foot model was 1.7 mm.

IV. CONCLUSION

In summary, a highly efficient, flexible offset SORS system
has been demonstrated with the ability to collect molecu-
lar profiling data from chicken, as an in vitro-like model.
By measuring different thicknesses of samples within bone
models, a preliminary relationship between spatial offset and
penetration depth is provided. A maximum penetration depth
using a 2x objective of 1.7 mm was obtained, sufficient to
enable the cross-sectional sampling of the long bones of many
small animals currently used as models. In addition, novel in
vitro measurements showing changes in the ratios of mineral
to collagen matrix and carbonate to phosphate from the bones
are presented, demonstrating the potential of the instrument to
provide a non-invasive, rapid, label-free spectroscopic tech-
nique to assess biomarkers for the diagnosis of osteoporosis
and bone mineralization.
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