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Abstract

Raman spectroscopy (RS) is used to analyze the physiochemical properties of bone because it

is non-destructive and requires minimal sample preparation. With over two decades of research
involving measurements of mineral-to-matrix ratio, Type-B carbonate substitution, crystallinity,
and other compositional characteristics of the bone matrix by RS, there are multiple methods to
acquire Raman signals from bone, to process those signals, and to determine peak ratios including
sub-peak ratios as well as the full-width at half maximum of the most prominent Raman peak,
which is nul phosphate (v1PQy). Selecting which methods to use is not always clear. Herein, we
describe the components of RS instruments and how they influence the quality of Raman spectra
acquired from bone because signal-to-noise of the acquisition and the accompanying background
fluorescence dictate the pre-processing of the Raman spectra. We also describe common methods
and challenges in preparing acquired spectra for the determination of matrix properties of bone.
This article also serves to provide guidance for the analysis of bone by RS with examples of how
methods for pre-processing the Raman signals and for determining properties of bone composition
affect RS sensitivity to potential differences between experimental groups. Attention is also given
to deconvolution methods that are used to ascertain sub-peak ratios of the amide | band as a way
to assess characteristics of collagen type I. We provide suggestions and recommendations on the
application of RS to bone with the goal of improving reproducibility across studies and solidify
RS as a valuable technique in the field of bone research.
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Introduction

The first published application of Raman spectroscopy (RS) to bone appeared in a short
communication describing the acquisition of a Raman spectrum from defatted ox bone with
a custom RS system?. There were only few RS studies of bone over the next two decades?
until commercial Raman instruments became widely available in the 1990’s. Since the
publication of the first review article on the application of vibrational spectroscopy to the
analysis of bone by Carden and Morris that covered RS studies published between 1994

and 19995, over 630 articles involving the use of RS to assess mineralized tissue, bone
regeneration, and osteoblast differentiation appear in scientific journals and proceedings.
Despite the ability of RS to provide insight into the contribution of composition to bone
strength, there is not a comprehensive, systematic review of how the acquisition and
processing methods of Raman spectra affect the compositional and chemical assessment

of the bone extracellular matrix (ECM). Information on the analysis of bone by RS, namely
Raman micro-spectroscopy (i.e., light passes through a microscope objective), is available in
book chapters®7” and in recent review articles® including a comparison to Fourier transform
infrared (FTIR) spectroscopy?, but such sources do not necessarily provide a practical
guide on the best practices to use when assessing the physiochemical properties of bone by
RS.

RS relies on a spontaneous light scattering that occurs in every ~1 out of 100 million
photons8. Light interactions with a material cause chemical bonds to vibrate leading to two
scattering phenomena: e/astic (Rayleigh) and /inelastic (Raman). Unlike the dominant e/astic
scattering in which there is no change in the energy of photons, the weak inelastic scattering
of photons can have either higher (anti-Stokes) or lower (Stokes) energy than the energy of
the incident photons (Fig. 1A). Making RS analysis of bone possible, the energy difference
between the incident and Raman scattered photons is measurable as a shift in the wavelength
of the light. Moreover, the amount of light (number of photons) undergoing a particular shift
(change in energy) is also measurable. The shift characterizes the various chemical bonds
that the light vibrates, and the number of photons characterizes the amount of the various
chemical bonds within a volume of illumination. The outcome of Raman spectroscopy then
is a graph of photon intensity in arbitrary units (a.u.) of multiple Raman peaks or bands as

a function of the Raman shift, which is typically plotted as a wavenumber, 1/wavelength,
between 300 cm~1 and 2000 cm= (known as the fingerprint region).

Compared to other analytical techniques that provide chemical and compositional
characteristics of bone (e.g., transmission FTIR, quantitative backscattered electron
microscopy, qBEI, and thermal gravimetric analysis, TGA), the advantages of RS include:
minimal sample preparation, non-destructive analysis, in vivo capabilityll, specificity

to molecular bonds that pertain to both the mineral phase and the organic phase of

bonel2, and sensitivity to collagen organization!3 as well as water'4. There are of course
limitations in the ability of RS to assess the bone matrix: relative measurements without

a straightforward way to obtain absolute values by incorporating appropriate reference
materials in the analysis, weak photon signals necessitating long acquisition times without
thermally damaging the tissue, background fluorescence that complicates the identification
of the baseline of each peak, and numerous overlapping bands making it difficult to quantify
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unique features of the matrix (e.g., crosslinks, proteoglycans, lipids). Nonetheless, these
limitations can be minimized to some extent as discussed herein.

When applied to bone, RS provides 3 primary measurements of the ECM (Table
1) as follows: 1) mineral-to-matrix ratio (MMR, often interpreted as the degree of
mineralization1®), 2) type B carbonate substitutions (often considered to be the amount of

carbonate, CO3 ~, that has replaced phosphate, Poﬁ ~, in the crystal lattice causing distortion

in the atomic arrangement of bone mineral6), and 3) crystallinity (an indicator of how well
the bone mineral is arranged into a crystal structure, as opposed to being amorphous, and

is related to crystal sizel”). There are however numerous peaks and overlapping bands in
the Raman spectrum of bone such that other secondary characteristics of the ECM can be
quantified (Table 2). Moreover, different methods for measuring the primary and secondary
Raman properties of bone can be found in the literature because the quality of the acquired
spectra and sensitivity of RS to differences in composition vary among RS instruments,
whether from a commercial manufacturer or custom-built.

Therefore, the goal of the present review is to describe the key components in RS that

affect sensitivity and review RS methods commonly reported in the bone literature. In

doing so, we provide the best available evidence for i) sample preparation, ii) selecting the
signal acquisition parameters, iii) pre-processing the spectral data, iv) ensuring consistent
spectra in which Raman peaks are not masked by noise, and v) calculating the Raman-based
measurements of bone. In addition, we describe difficulties commonly encountered and
offer suggestions on how best to inform others about the RS methods that were used

to assess bone. Special emphasis is given to Raman micro-spectroscopy because most
published RS studies of bone used a commercial research-grade RS instrument integrated
with a microscope. Advantage of using a microscope include: providing sub-micrometer
lateral spatial resolution which allows the identification of small features of bone such as
lamellae to analyze and acquiring compositional maps in a specific region. In Section 6, we
discuss fiber optic, probe-based RS instruments, which are more versatile than commercial
instruments, as well as discuss high wavenumber RS. By describing the extrinsic factors that
affect the ability of RS to provide useful information about bone tissue and explaining the
methods that aid in the quality and rigor of the RS data, the unmet potential of RS in bone
research may be realized.

Raman spectroscopy instruments

Practical applications of RS require an instrument configuration that causes Raman
scattering within a material and acquires the weak Raman signals. At its most basic, a
Raman instrument has a light source, optics to guide the light to the sample being analyzed,
a stage to secure the specimen, and optics to guide the inelastic scattered light to a detector
that generates the Raman spectrum (Fig. 1A). The present work primarily focuses on
spontaneous dispersive RS which is commonly applied to the compositional assessment

of bone. Commercial RS instruments ensure that optics are aligned with the laser source,
provide calibration, and offer software to both acquire the Raman spectra and process it.
Nonetheless, a basic understanding of the components and the calibration of the instrument
helps the user identify when something is wrong with the acquisition of the Raman signal.
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2.1. Components of a Raman instrument

In a typical commercial RS instrument, the light or excitation source is a diode laser; the
detector is a spectrometer; the sample is placed on a microscope stage below an objective
lens; and the optics include mirrors, beam expander, lenses, and filters (Fig. 1B). All

these components are essential to maximize the collection of weak Raman signals, thereby
maximizing the sensitivity and selectivity of the RS assessment technique.

2.1.1. Light Source: The sensitivity of Raman spectroscopy to differences in
composition depends on the power of the laser (i.e., how much light is interacting with
chemical bonds) and the wavelength (A of the laser!®:19, Diode lasers are a typical light
source in commercial Raman instruments due to their ability to stably convert electrical
current into light and relative inexpensiveness8:20, Other light sources, especially in
previous versions of RS, include argon-ion (Ar+), krypton ion (Kr+), helium-neon (He-Neg),
Titanium—sapphire (Ti:sapphire), Neodymium-doped yttrium aluminum garnet (Nd: YAG)
lasers. A laser with a short wavelength has higher intensity of light scattering, hence greater
Raman intensity and sensitivity than a laser with a long wavelength (1/ A4 dependence) but
also higher fluorescence background2%:21, On the other hand, a laser with a long wavelength
has higher penetration depth within the samples being analyzed. For RS analysis of bone, the
choice of laser wavelengths typically ranges from mid-ultraviolet (mid-UV: 200 nm > A >
300 nm) to near-infrared (NIR: ~700 nm < A < 1400 nm), but 785 nm and 830 nm lasers
are commonly applied to bone because many fluorophores are inactive when excited with
NIR lasers!®19.21 These laser wavelengths minimize background fluorescence, minimize
overheating the sample, and optimize the volume being analyzed1822,

While increasing the laser power improves the quality of the Raman spectrum (Fig. S1),
higher power also increases the likelihood of burning the bone sample being analyzed

(Fig. S2). Therefore, practically speaking, laser power is kept below 50 mW for mid-UV
lasers and below 150 mW for NIR lasers. Laser power herein is the intensity of light
deposition measured at the sample surface using a meter. The power of the laser at the
source is typically different than the laser power at the sample surface because laser power
decreases when the light travels through various optical components such as filters, lenses,
and gratings. The change in laser power between source and sample depends on the distance
that the light travels and the number of optical components that the light passes through. It
is important to note though that heat generation is not simply a function of the laser power
but rather depends on the total laser energy density (the total amount of energy delivered
per unit area, in Joules per square centimeter (J/cm?2)) and the time that the specimen is
exposed to the laser. The energy density of the laser depends on the illumination spot size,
a function of the objective NA, if using an RS instrument with a microscope, and how the
light is emitted from the diode laser (i.e., as a circular beam or as a line in which the beam
is swept back and forth at a set distance). Line focus has the advantage of collecting Raman
scattered photons from a larger area, thereby reducing heat deposition on the sample, and
is good for mapping composition in a selected region. The disadvantage is that the signal
quality is lower than it is for the circular beam or spot focus.
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A laser with lower wavelength provides higher signal intensity, but as a trade-off, more
background fluorescence must be removed (discussed in Section 4.2). Therefore, depending
on the goals of a study (e.g., whether numerous fluorophores are present in the sample), an
830 nm laser can help minimize fluorescence?3. Otherwise, 785 nm laser may be a more
suitable choice as it favors higher peak intensities for nearly the same noise as observed
when the 830 nm laser is the excitation source (Fig. S3). Although they generate greater
signal intensity, 532 nm and 633 nm lasers should be used with caution since they may
readily damage the bone specimen. Lasers with A=1064 nm are now more widely available
but costly. Thus, they are less commonly used option for when high penetration depth with
low autofluorescence is desired?4,

2.1.2. Optics: The microscope in a Raman instrument provides the ability to focus

the incident light at a desired site and optical magnification of the inelastically scattered
light as well as direct visualization of the bone surface when using white light. Providing
superior spatial resolution due to confocality (i.e., acquiring Raman signals from a focus
plane), commercial RS instruments can collect single-point spectral data from a small area
(typically 0.5 um to 5 um) as well as maps of spectra covering a defined area (typically

100 pm x 100 um). The penetration depth of the light in biological tissue is typically

100 pm, mainly dictated by the turbidity/scattering properties of the tissue, not the axial
(longitudinal) focusing & penetrating power of the objective lens. The spatial resolution

of the RS instrument depends on the diffraction limit of the objective lens, which cannot
resolve the physiochemical properties of two adjacent objects located closer than A / 2 x
NA, where A is the wavelength of the laser and NA is the numerical aperture. Accordingly,
the objective lenses with higher NA (higher magnification) provide higher spatial resolution
along with a shorter working distance and more sensitivity to polarization bias (as discussed
in the section of 2.4). Conversely, the objective lenses with lower NA (lower magnification)
provide lower spatial resolution along with longer working distance and less sensitivity to
polarization bias (discussed in Section 2.3).

In addition to reducing ambient light to the lowest levels possible, a key step to collecting
Raman signals with high signal-to-noise ratio (SNR) is to properly focus the laser on the
specimen (Fig. 2). This is a concern when a microscope is part of the instrument but not
when a fiber optic probe is the conduit of light (see Section 6). With the aperture reduced
to reveal a spot of white light on the bone surface, the focus knobs can be turned until a
sharp border appears. Next, after opening the aperture back up, the light passing through
the objective is switched from the lamp emitting white light to the laser source. Since both
light sources are passing through the same magnification lens, the laser is in-focus. Focusing
the laser on the bone surface does not mean however that the collected Raman spectra
represent chemical composition at the bone surface only. Even when a pinhole aperture

is providing confocality (see section 2.1.3), Raman spectra include signals arising several
hundred microns below the bone surface.

2.1.3. Detector (Spectrometer): A dispersive spectrometer is an optical system in RS

instruments, such as the Renishaw inVia™ and Horiba XploRA™ Raman microscopes, that
split the Raman scatter (i.e., photons at different wavenumbers) in space onto the detector.
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The spectrometer has a high-quality diffraction grating with an entrance slit aperture and
spherical mirrors that collimate the Raman scattering light onto the diffraction grating such
that this light is focused onto the detector (Fig. 1B). Before the spectrometer, a pinhole
aperture may be present to provide confocality. The number of grooves per length (g/mm)
of a diffraction grating governs the amount of dispersion such that a higher density of
grooves causes a higher dispersion of the Raman shift over a larger number of pixels of

the detector2526, hence higher spectral resolution (cm™1). The groove density is typically
fixed but selecting a groove density may be an option when purchasing a commercial RS
instrument or a commercial spectrometer for a custom-built RS instrument. There is a
trade-off in which increasing the groove density improves spectral resolution (e.g., 1 cm™1
vs. 8 cm™1) but lowers wavenumber coverage of the acquired spectrum (e.g., 750-1750 cm™1
vs. 300-2300 cm™1).

The entrance slit aperture — as well as the preceding pinhole in confocal RS instruments
—is an opening that controls how much Raman scattered light enters the spectrometer.

It typically ranges from 10 pm up to 200 um with a height of 1 mm. Commercial RS
instruments include adjustable slit apertures or pinholes. This slit size (or width) is a key
factor in governing the spectral resolution. As the slit narrows, spectral resolution increases
unless the slit size is lower than the pixel size (width) of the detector825, Notably, a
narrow-slit decreases Raman signal strength because fewer photons are passing through the
grating. Therefore, the slit size is selected to balance between strong spectral intensity and
high spectral resolution.

As the last part of the spectrometer, the detector in modern RS instruments is a charged-
coupled device (CCD)Z0. The pixel size of the CCD also determines the spectral resolution
such that the achievable spectral resolution increases as the pixel size decreases. The
performance of a CCD detector in creating a high-quality spectrum (high SNR) is related
to the efficiency of the chip in detecting photons and the processing speed of readout
electronics8:27,

2.1.4. Sample: Prior to turning on the laser and acquiring the Raman signals that are
generated by light interactions with molecules in bone, there are several practices that can
improve the quality of the Raman spectrum. One, the ex vivo bone specimen can be cleaned
by wiping the surface with a Kimwipe®, sonicating the bone sample, and/or irrigating the
surface with a stream of water to remove particle contamination. Two, keeping the sample
holder and microscope objective lens clean also minimizes noise in the acquired signal.
Three, analyzing thick bone specimens is another way to avoid ‘contamination signals’

from materials near the bone. Four, if the surface of the bone sample can be ground and
polished, doing so increases the number of photons that are reflected back to the microscope
objective and hence boosts signal-to-noise (SNR). Long bones such as the femur from small
animals (e.g., mice) are amendable to direct RS analysis, but care must be taken to properly
focus the light (Section 2.1.3) since the surface is not flat. If the study question requires
Raman mapping of properties or specific locations, then small bones must be embedded in
plastic and sectioned. Embedding media and ethanol to dehydrate the bone for embedding
or long-term storage are factors that affect peak ratios when using RS28:29, but as discussed
later (Section 5), they do not necessarily obscure differences in matrix characteristics among
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groups. If embedding the bone for RS is unavoidable, we recommended grinding and
polishing the surface of interest to improve the signal and selecting a media whose Raman
peaks do not overlap peaks of interest.

Importance of Calibration

Proper calibration is essential to acquiring comparable and consistent Raman spectra.
Without it, the locations of Raman peaks could deviate from those reported in the literature,
and the relative intensities of selected peaks could be incorrect. Fortunately, the calibration
procedure is done at the factory prior to the delivery of a commercial RS instrument and
typically checked by the service engineer upon installation at a research site. Briefly, there
are two general calibration procedures: spectral (x-axis) calibration ensures all pixels on the
CCD correspond to actual wavenumbers, and intensity (y-axis) calibration ensures that the
spectrometer response is dependent on the intensity of the Raman scattering. In particular,
such calibration procedures are vital for any custom-built RS instruments to make sure the
collected spectra are correct and reliable?*. For full calibration procedures of custom-built
RS instruments, we refer the interested reader to the following papers20:21:30.31 Herein, we
describe ways to ensure a commercial Raman instrument is properly operating.

There are 8 common chemicals that have been established for calibrating the Raman

shift (x-axis) by the American Society for Testing and Materials (ASTM). They

include naphthalene, sulphur (sulfur), 1.4-bis(2-methylstyryl) benzene, acetonitrile/toluene,
N-acetyl-para-aminophenol (i.e., acetaminophen or paracetamol), benzonitrile, cyclohexane
and polystyrene (ASTM E1840)1°. Periodically, Raman spectra can be acquired from one of
these standards to verify that the location of the peaks match reported wavenumbers (Fig.
S4). Additionally, if the location of a prominent peak such as v1PO,4 (959-961 cm™1) for
bone changes by more than 2 wavenumbers in a commercial, research-grade RS instrument,
then the calibration could be off necessitating a service call to the manufacturer of the
instrument.

Built-in software automatically calibrates the y-axis (intensity) of the spectrum by
implementing the mathematical manipulation derived from the calibration procedure at

the factory?1:32, Replacing or adding optical components (e.g., objective lens, notch filter,
polarizer) can affect this intensity calibration (or instrument response function), and so
changes to the instrument may require a new calibration to correct for the wavelength-
dependent sensitivity of all optical components in a Raman system. Commercial RS
instruments often have sensors to indicate when a new calibration of intensity axis is needed.

Some commercial RS devices have integrated a neon lamp source to automatically re-
calibrate wavelength axis if necessarily. A sample of silicon (often provided by the
manufacturer) can be also used to quickly check the spectral calibration of the instrument
if there is no automated wavelength calibration option. For a well-calibrated, research-
grade RS instrument, the silicon standard has one sharp peak at 520 cm™1 (Fig. 3A). A
wavenumber shift in this peak indicates a possible issue with the spectral calibration (Fig.
3B), but the software of commercial Raman instruments can be used to correct an offset
in the silicon peak of several wavenumbers. The peak height (signal intensity) can also
be examined for a potential y-axis calibration issue. If there is a substantial change in
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the intensity (i.e., spectral counts) from previously collected silicon spectra under similar
conditions, then a problem with the instrument may exist such as misaligned optics, faulty
laser, or improper focus. We recommend routinely collecting silicon spectra before and
after RS analysis of bone so that the signal intensity at 520 cm™1 can be tracked overtime.
For custom-built RS instruments with a low-grade spectrometer (i.e., a grating with a low
number of groves per length), a 3 cm™1 to 4 cm™1 shift in Raman peak locations can be
expected. The power of the laser at the surface of the sample for a given objective lens can
also be readily measured using a meter before and after each session of data acquisition.
Again, if there is a significant change in the laser power under similar conditions from a
previous session, then there may be a problem with the diode laser itself, which has a finite
life, or with the alignment of the laser between excitation source and the microscope lens.

2.3. Polarization bias

Diode lasers are inherently polarized meaning they emit light with a preferential orientation
(Fig. 4A), and this orientation is typically preserved by the optics of most commercial

RS instruments. Since bone is a birefringent material, the relative height of the mineral
peaks and organic peaks in Raman spectra depends not only on composition but also

on the orientation of the collagen fibrils (or c-axis of the mineral crystals) relative to

the polarization axis of the Raman instrument (Fig. 4B). Despite the exploitation of this
phenomenon in RS analysis of bone in order to assess collagen orientation13:33-37  the
dependence of peak ratios on the orientation of the bone sample relative to the polarization
axis of the instrument (known as polarization bias) is typically ignored or not discussed

in the vast majority of bone studies utilizing RS. As previously described in detail3436,

the Raman spectrum of bone, especially the intensities of amide 111 (1247-1248 cm™1) and
amide | (1666-1670 cm™1) peaks, is not the same when the orientation of the human bone
sample (e.g., axial direction of the osteons) is rotated 90 degrees from being parallel to being
perpendicular to the polarization axis of the laser (Fig. 4B). Since polarization bias affects
the intensity of each peak differently, peak ratios vary between different orientations of the
bone (Fig. 4C).

There are multiple ways to minimize the influence of polarization bias on Raman spectra

of bone. One, by knowing the direction of the polarization axis of the RS instrument

and consistently orienting the bone samples parallel to this axis, differences in peak ratios
will primarily be due to differences in composition, not differences in the directionality of
collagen fibrils. Two, homogenizing the tissue removes the birefringent nature of bone as the
orientation of collagen fibrils becomes random (isotropic), though this precludes mechanical
testing of bone after Raman analysis. Three, including optics that depolarize the light before
acquisition by the spectrometer removes the instrument’s polarization bias, but not the

bone orientation bias. However, there is significant cost in SNR with this approach. Four,
acquiring the spectra with a low magnification objective is less sensitive to polarization bias
than acquiring spectra with a high magnification objective38. Also, when acquiring Raman
spectra from cross-sections of bone in which the direction of the osteons is in-line with the
laser, the acquisition of Raman spectra from multiple sites can ‘average out’ the variance
caused by polarization bias. Lastly, there are peak ratios that are less sensitive to polarization
bias such as voPO4/Amide 11138 and v1PO4/Proline3* because the peaks are in-phase.
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3. Acquisition of Raman spectra from bone

Along with laser power per area, integration time of the laser on the bone specimen can

be manipulated to improve SNR. Likewise, adjusting the accumulation of spectra during

an acquisition affects the quality of the Raman signal intensity. Generally speaking, the
parameters for acquiring Raman spectra from bone are optimized to provide the highest
SNR in a short amount of time while keeping laser power minimal. Therefore, we discuss
the effects of integration time and accumulation using relatively low laser power (45 m\W)
on the quality of bone spectra along with providing guidance in the acquisition of the Raman
signal from bone.

3.1. Acquisition parameters — accumulation vs. time

Since Raman scattering generates a weak signal, a long acquisition or scan time is necessary
to enhance SNR. In setting the acquisition time, there is a balance between the quality

of the acquired spectra and the time spent acquiring spectra. Two basic strategies include
longer acquisition time with fewer accumulations and shorter acquisition time with greater
accumulations. Selecting which strategy to use is not straightforward as both can generate
high quality spectra depending on the sample being analyzed and the RS instrument being
used. Practically speaking, a short acquisition time of a few seconds is a good place to
start when optimizing an acquisition protocol for a given bone sample. Then, the number
of accumulations can be increased until the desired quality of the Raman spectrum is
achieved in the time that is perceived to be reasonable (Fig. S5). To provide an example

of how spectral quality can be affected by different acquisition parameters when using

a commercial, research-grade Raman spectroscopy such as the Renishaw InVia Raman
microscope instrument, we varied the scan time and the number of accumulations keeping
the total time of acquisition constant (Fig. 5). Given the fact that composition of bone is
heterogeneous, as many spectra as is practically possible can be collected at multiple sites
within region of interest to capture an overall average.

4. Processing Raman spectra of bone

Although minimal pre-processing is the best way to characterize bone samples, the initial
quality of the collected Raman spectra often does not reach sufficient SNR and negligible
fluorescence background. Therefore, before calculating the physiochemical properties of
bone, the raw Raman spectra are processed so that cosmic spikes are not present, the
fluorescence background is negligible, and the spectral noise does not overly influence
peak ratios or identification of peaks. There is not a standard method for removing the
fluorescence nor is there one way to minimize noise because each RS instrument —
commercial or custom-built — generates its own unique Raman spectra. Unfortunately,

the selected pre-processing procedures can lead to erroneous results as demonstrated by
Bocklitz et al. for 3 datasets — mixture of 4 liquids (ethanol, 2-propanol, DMSO, 1-octanol),
3 ratios of glucan (Saccharomyces cerevisiaé) to chitin (crab shell), and 2 bacteria cultured
for 1-10 days — using custom RS instruments3?. However, by maximizing signal quality
and applying consistent methods, differences in matrix characteristics among groups can
be detected. When not applying advanced computer algorithms to determine processing
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methods, the valleys of the spectra (i.e., consecutive wavenumbers having intensity values
near zero) are fit with a curve (e.g., polynomial, linear, or piecewise functions) that then
serves as the baseline of each Raman peak. Upon subtracting the baseline curve from

the raw spectrum, an algorithm is then applied to the intensity counts vs. Raman shift

data to digitally ‘smooth out’ the spectrum. While this improves the identification of sub-
components of Raman bands and the location of each Raman peak, it can mask subtle
peaks arising from molecules with low density in bone. Here, we describe i) the most
common methods used to process Raman spectra of bone and to calculate Raman metrics
of bone and ii) the effect of processing methods on sensitivity to detecting differences

in the mineral-to-matrix ratio, type B carbonate substitutions, crystallinity, and amide I sub-
peak ratios. For an in-depth information on pre-processing methods (cosmic spike removal,
background correction, smoothing, and normalization), the interested readers are referred to
these papers30:39-41,

4.1. Subtracting background fluorescence

Bone tissue like other biological samples contains fluorophores that generate fluorescence
upon exposure to a laser as previously discussed (section 2.2). This fluorescence is often
several orders of magnitude more intense than the Raman signals. Thermal fluctuations
within the CCD can also contribute to background signals. Thus, the background signal of
a Raman spectrum is dependent on both the RS instrument used and the samples being
analyzed. In most cases, removal of background signals (fluorophores + CCD) is achieved
by applying mathematical functions to the raw Raman spectrum so that the Raman signals
become prominent. In the event that background fluorescence overwhelms the weak Raman
signals (e.g., when the bone is subjected to thermal treatment*2 or to excessive accumulation
of advanced glycation end-products (AGEs)23 or illuminated by a 532 nm laser#3) or

even saturates the ability of CCD to collect distinguishable signals (Fig. S6), preparation
techniques can be used. In the past, it was reported that bleaching the surface of bone

with 30% hydrogen peroxide for 2 to 4 h prior to Raman acquisition reduces background
signals due to fluorescence®3 but at the risk of altering the chemical composition of bone*4.
Therefore, this approach is not recommended. Photobleaching on the other hand takes
advantage of the inherent instability in the molecular structure of fluorophores subjected

to constant excitation. That is, when illuminated for an extended period of time by high-
intensity light source, fluorophores stop emitting fluorescence. Therefore, by illuminating
the bone surface with a laser for 5 min to 10 min, the photobleaching phenomenon reduces
the background signal during the subsequent Raman acquisition?>46, Of course, there is a
limit to how long the bone surface can be illuminated to cause photobleaching because the
heat generated by the laser can damage the tissue (Fig. S2).

In general, polynomial curve fitting techniques#7=4° are the most widely used method

to remove background fluorescence from Raman spectrum of bone (Fig. S7) and other
biological tissues. Commercially available software in spectroscopy implements various
semi-automated techniques to eliminate the background fluorescence (e.g., Wire, LabSpec,
GRAMS, Origin, and Opus software). In most cases, the user selects the polynomial order.
The user may also be able to select the wavenumber range and move the locations of

the valleys to which the polynomial curve is fit. A description of the rubber-band method
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of fitting a baseline is provided in a spectroscopy book by Wartewig®C. Here, we discuss
polynomial curve fitting technique as it can be easily implemented in computing software
like MATLAB (MathWorks®) and is a direct, simple method to remove background
fluorescence.

There are two important parameters when fitting a polynomial curve to the raw Raman
spectrum of bone: the order of polynomial function and the wavenumber range to which

the curve is fit. To follow description of how polynomial order affects the removal of
background fluorescence, we used a Raman spectrum of bone acquired with a Renishaw
InVia Raman microscope instrument. Starting with a low polynomial order avoids over-
fitting the background fluorescence, but typically 15t (line) and 2" (quadratic) degree
polynomial curves are insufficient (Fig. 6). As the degree of the polynomial increases, there
is a trade-off between underfitting one region and overfitting another region of the spectrum.
If the extremes of the acquired spectra (e.g., 300-350 cm~1 and 1750-1800 cm™1) are not
important, then higher order polynomials may provide the best fit to the valleys.

Another important part of the polynomial curve fitting method is the choice of spectral
points (i.e., the valleys) where the fitted baseline passes through. As a general practice,
these spectral points are selected from regions of the Raman spectrum that do not include
intense Raman bands (Fig. S8). When changing the spectral points from regions of the
Raman shift with low spectral intensity to either regions with high spectral intensity or at the
end points of spectrum, the polynomial baseline goes from being well-fitted to over-fitted

or under-fitted (Fig. S9), respectively. Under-fitting causes artificially elevated intensities
while over-fitting causes negative intensities in some part of the spectrum (Fig. S10). In fact,
manually selecting the spectral regions to ensure a proper fit of the polynomial baseline to
each data set separately is rather time consuming and ill-advised. Fortunately, automated
approaches exist in commercial software (e.g., Horiba’s LabSpec, Renishaw’s WIRE or
Bruker’s OPUS) to determine the ideal spectral locations for fitting the baseline curve and
the order of polynomial curve that defines the baseline®”:48,

Following the subtraction of background fluorescence by fitting a polynomial curve to the
apparent baseline of each spectrum, additional baseline corrections may be beneficial when
residual background fluorescence is still present. For example, we recently reported that
the addition of piecewise linear baselines to the Raman spectra after polynomial fitting and
subtraction improved the correlations between Raman parameters and fracture toughness
properties of human cortical bone®L,

4.2. Minimizing spectral noise

Even when using optimized laser power and acquisition parameters, spectral noise exists

in the Raman spectrum of bone. The noise obscures subtle Raman peaks with low signal
intensity. One simple approach to minimize noise is to average a collection of Raman
spectra from different locations in the region of interest into a single spectrum if spatial
distribution of Raman parameters is not a concern (e.g., changes in Raman parameters
within an osteon or between newly formed bone and older bone). As a general practice,
multiple sites of Raman acquisition is distributed throughout the region of interest and cover
as many unique features (e.g., thick and thin lamellae) as is practically possible. Doing

Analyst. Author manuscript; available in PMC 2022 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Unal et al.

Page 12

so captures the overall physicochemical features of a given bone specimen. We recently
reported that averaging multiple Raman spectra from osteonal and interstitial sites into

a single Raman spectrum improves the initial Raman spectrum quality (improved SNR),
which in turn increases the RS sensitivity to detect subtle changes in amide | sub-band ratios
due to glycation treatment of human cortical bone samples?3, and improves the ability of
Raman properties to explain the variance in fracture toughness properties of human cortical
bone®L. Although averaging multiple Raman spectra improves spectral quality, filtering the
spectra to digitally remove noise is often still a necessity to avoid undue influence of noise
on calculations of Raman parameters.

Various smoothing or de-noising methods have been effectively used for the treatment

of noisy Raman spectra®253, but importantly, all smoothing/de-noising methods affect the
outcome of the analysis3®. Among others, the Savitzky—Golay (S-G) filter is the most
common method applied in the RS of bone because this digital filter technique tends to
preserve key spectral features such as the width and height of peaks. The S-G filter involves
consecutively fitting sub-sets of adjacent data points (window) with a polynomial curve by
ordinary least squares and replacing raw Raman signals with fitted Raman signals®2:>4, As
such, there are two parameters that influence how the noise in the spectrum is minimized:
1) the order of the polynomial curve that is used to fit discrete spectral intensities and 2)

the fixed wavenumber range (i.e., size of the window) that defines which spectral data is
being fit by the curve. While the order of polynomial dictates how well the filtered spectral
intensities match the raw spectral intensities (i.e., low root-mean squared error), the window
size governs which noise frequency is preferentially eliminated or ‘smoothed out’ by the
S-G filter. The window size basically dictates the number of data points being processed as
the filter marches through the entire spectrum. To the best of our knowledge, there is no
published method for selecting such filtering parameters for RS analysis of bone. Ultimately,
the selection depends on the quality of the spectra that was acquired. In general, as SNR
decreases, the window size increases to limit the identification of peaks based on noise.

For the most part when analyzing spectra from commercial RS instruments, a 2" order
polynomial works as well as a 41 order polynomial for a given window size between 7 and
21 data points. While increasing the window size results in smoother spectra (Fig. S11), the
downside is the increased likelihood that subtle, but important, peaks and shoulders are lost.

Recently, we examined the effects of smoothing/de-noising/filtering parameters on the
sensitivity of RS to detect glycation-mediated changes in human cortical bone specimens
from fresh-frozen cadaveric femurs obtained from 10 donors (5 males and 5 females, aged
46-60 years old)23. We compared S-G filters with 2" and 4! order polynomial functions
as well as window sizes of 11, 15 and 21. The comparisons also included the proprietary
de-noising algorithm provided by the LabSpec software which involves a self-adapting
window size to select an optimal wavenumber range for fitting the spectral data with a 2"
order polynomial. The results suggest that detecting subtle differences in sub-peaks ratios of
amide | were dependent on the smoothing method for relatively noisy spectra. In the case of
spectra with less noise, the smoothing method had little effect on the ability of RS to detect
glycation-mediated changes to organic matrix of bone?3.
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4.3. Calculating the characteristics of bone from Raman spectra

Raman spectrum of bone is reported most often in the Raman shift range of 400-1800
cm™1 (Fig. 7). This spectral range is rich with the characteristic Raman bands of mineral
and organic matrix (except CH and NH stretching bands which are located at wavenumber
> 2500 cm™1). The reported location of major peaks in Raman bone spectrum may show
some variability due to the RS instrument or sometimes the sample used (e.g., due to

the age, health status, differences among human subjects, and among the rodent animal
models being investigated). The most intense band in a Raman spectrum of bone is a
phosphate band located at ~960 cm™1 (v1PO,). The other two phosphate bands are located
at ~430 cm™1 (v,PO,4) and ~600 cm~1 (v4PQ,). Although these three Raman bands emerge
from phosphate content in bone mineral, the reason why they are located at different
wavenumbers is related to the vibration modes of the covalent bond between oxygen

and each phosphorus atom. The nu labeling — v1 v, and v4 — in front of PO, refers

to different vibration modes: symmetric stretch, antisymmetric stretch, and antisymmetric
bend, respectively. Another intense mineral band is the carbonate located at ~1070 cm™1
(v1CO3) which is a measure of Type-B carbonate ions in the hydroxyapatite lattice.

The carbonate ion occupies two different positions in the structure of bone mineral: the
hydroxide position (A) and the phosphate position (B). Type B carbonate refers to carbonate
ions occupied in the phosphate position®®:56, Table 1 summarizes primary Raman metrics
along with their correlations with other techniques.

The Raman peaks of the organic matrix are Proline (Pro, ~855 cm~ or ~920 cm™1),
Hydroxyproline (Hyp, ~875 cm™1), Phenylalanine (Phe, ~1002 cm™1), Amide 111 (~1243-
1320 cm™1), CHy-wag (~1450 cm™1) and Amide | (~1600-1720 cm™1). The intensity of the
CH,-wag Raman band depends on the amount of all organic matrix components in bone
(collagen, lipids, and non-collagenous proteins), whereas the other organic Raman bands
are specific to collagen type I or collagen 1. Pro, Hyp and Phe Raman bands emerge from
the amino acids of collagen | molecule, and amide 111 and amide | emerge from different
side-chains and backbone of a1(l) and a2(l) peptide chains and thus are sensitive to the
triple helix structure and local orientation of collagen type | (discussed in section 5). Using
these Raman bands, several bone quality measurements were established or adopted from
the FTIR literature (Table 1).

There is currently no consensus on the best method for determining the physicochemical
properties of bone using RS. Methods include: 1) peak intensity (PI) ratios (Table 1),

2) integrated area (l1A) ratios (Table 1), and 3) band area ratios in which each area

is determined by a deconvolution procedure. Peak intensity is the maximum value at a
specified wavenumber for the peak of interest, whereas integrated area is the sum of values
within wavenumber range for the peak of interest. These values may or may not be corrected
by a prescribed baseline to the peak of interest. When we calculated Raman properties

(e.g., MMRs and carbonate substitution) using either PI or IA, there were significant linear
correlations between MMR (or carbonate substitution) and crack initiation toughness as
well as final J-integral regardless of whether PI or A was used. However, the IA approach
required linear baseline corrections to the v1PO,4 and amide | bands after background
fluorescence subtraction to detect significant correlations®L. Compared to IA ratios, Pl ratios
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are not as affected by residual background fluorescence, but they are more vulnerable to
poor initial SNR33, Of the Raman studies of bone reporting correlations with mechanical
properties, most used the PI method of determination (Table 3).

To illustrate how the method of determining peak ratios can affect the findings in a Raman
study of bone with S-G filtering (fourth order polynomial and window size of 21) or without
filtering (Fig. 7A), we processed Raman spectra acquired from the anterior surface of

intact mouse femurs in the mid-diaphysis as follows: peak intensity ratios and integrated
area ratios (Fig. 7B). The femurs were from 6-mo. (n=20) and 20-mo. (n=18), male

BALB/c mice®’, but the extended spectra (300-1800 cm™1) were not previously reported. As
indicated by three-way analysis of variance (ANOVA) in which the main effects, filter (yes
or no) and ratio (Pl or 1A) were factors with repeated measures and age group (6-mo. or
20-mo.) was an independent factor, the values of selected peak ratios significantly depended
on whether the Raman spectra were filtered and whether PI or IA method was used (Table
S1). Also, the ratio method depended on whether the spectra were filtered (significant
interaction term in Table S1). More importantly, the age-related difference in each peak ratio
depended on the method but not on filtering (p>0.050 for Filter x Age). The one exception
was the carbonate substitution (CO3/v1PO,) in which the age-related difference depended
on the interaction between filter and method (p=0.0401 for Filter x Method x Age).

To determine which method might be preferable, we compiled the standard mean difference
(Cohen’s effect size d) using the mean of each group, the SD of each group, and the number
of mice in each group (Table 4). Since the likelihood of detecting an age-related difference
in bone composition by RS improves as the effect size increases, Pl was more sensitive than
IA for all peak ratios. Except for carbonate substitution, filtering the noise from the spectra
(i.e., digitally smoothing the spectra) did not improve the sensitivity of the Pl method or

the A method (Table 4). Regardless of the approach taken, all peak ratios were higher with
age of the mouse (Fig. S12). Whether Pl is always more sensitive than IA to differences in
physiochemical properties of bone depends on the quality of the Raman spectra and spectral
resolution.

The choice among the different peak ratios that assess the degree to which the organic
matrix is mineralized (MMR in Table 1) is not straightforward and depends on several
factors including the range of the Raman shift with prominent signals, polarization bias, and
embedding media (if used to polish the bone surface for spatial assessments). For certain
commercial instruments, a narrow range is much quicker to acquire because the motorized
grating does not change (i.e., it’s static) but precludes the use of both v,PO4/amide Il and
v1POg4/amide I to measure MMR. In general, selecting Raman peaks of bone that do not
overlap the Raman peaks of the embedding media, if applicable, minimizes the influence of
the media on the Raman properties of bone, though the background contribution does not
necessarily obscure differences between groups if all bones are processed and embedded in
the same way?°.

When calculating carbonate substitution using either P1 or 1A, identifying the proper
location of carbonate band (1020 cm~! — 1100 cm™1) is important. This band overlaps
several other peaks including v3PO, located at ~ 1045 cm™ and ~1076 cm~1 %5 and
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proteoglycan/lipids at ~1060 cm™1 38, Thus, the integrated region of the carbonate band (Fig.
7B) should be selected with care or judicious band fitting. For the peak intensity method,
this selection is more straightforward since the carbonate peak (at 1070+3 cm™1) is the most
intense peak in this region and can be easy distinguished from other peaks.

Although mineral crystallinity in RS is nearly always reported as the inverse of the full-
width at half maximum (FWHM) of the v1PQO4 peak, the method for determining the height
of this peak at ~960 cm™1 varies widely in the literature: a local, linear baseline between

the valleys to the left and right of the v1PO,4 band®?, a linear baseline between the valley

to the left of proline peak (~860 cm™1) and the valley to the right of carbonate peak (~1060
cm~1)51, no baseline such that FWHM occurs at the maximum peak intensity / 229, a fit of a
single Gaussian curvel®, or deconvolution of the band between 901 cm= and 990 cm=1 with
4 sub-bands as Gaussian-Lorentzian functions®0.

To investigate the effect of the method for determining the FWHM of v{POg4, we analyzed
the aforementioned Raman spectra acquired from male mouse femurs as follows: 1) with
or without a local linear correction (Baseline) and 2) direct determination of FWHM or the
use of a single Gaussian fit (Method). Background subtraction and digital noise filtering
procedures were the same as before for all spectra prior to normalization. Defining a

local linear baseline lowers the FWHM (Fig. 8A) and adjusts the Gaussian fit (Fig. 8B).
Crystallinity depended on the method of determining the FWHM (direct vs. single Gaussian
fit), whether or not the peak was baseline corrected, and age (Table S2). Moreover, the age-
related difference in crystallinity depended on the method but not on the linear correction
(LC) of the v{PO, peak (p=0.121 for Baseline x Age). Interestingly, the mean standardized
difference in crystallinity between 6-mo. and 20-mo. old mice was higher for the single
Gaussian fit than for the direct method of calculating FWHM, regardless of the baseline
correction (Table 5).

4.4. Normalizing Raman spectra

For the purposes of displaying multiple spectra from different experimental groups however,
the spectra are typically normalized by 1 of 2 methods (for other methods in spectroscopy,
see*1): i) divide each spectral intensity (SI) by the spectral intensity of a selected peak (most
often v1POy) or ii) divide each Sl by the mean of all intensities (SI). The advantage of the
latter method is that all potential differences are apparent (e.g., when plotting a difference
spectrum) because the former method cannot reveal a potential difference at the peak being
used to normalize the spectrum. Neither of these methods are suitable for multivariate
analysis of Raman spectra such as principal component analysis (PCA), partial least squares
regression (PLSR), types of discriminant analysis, and machine learning algorithms because
certain Raman peaks (e.g., v1PQO,) are dominant over other Raman peaks (e.g., Proline)
without necessarily being more important. In order to remove this dominance such that

all peaks are equally weighted, spectra are normalized to their mean absolute difference®?,

%E?: 1|S1; — S1|, or by the standard normal variate method or ‘z-scoring’3®, S1; — ST/o,

in which each intensity is subtracted from the overall mean and divided by the standard
deviation (o) of the Raman spectrum or spectral intensities (S/). After applying the latter
technique, the mean and SD of the normalized spectrum is 0 and 1, respectively. Multivariate
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analysis techniques fall into 2 general categories, unsupervised (e.g., PCA) and supervised
(e.g., support vector machines), as reviewed by Gautam et al. 1.

5. The amide | band

The organic matrix of bone, primarily collagen type I, consists of proteins that are rich

in vibrational modes arising from the amide backbone (i.e., peptide chains) as well as the
a-helices and B-sheets that form the secondary structure of collagen and non-collagenous
proteins. The amide | band has been widely used in the spectroscopy literature to infer
differences in or changes to collagen structure (Table 6). In RS analysis of bone, the band
occurs between ~1590 cm™! and ~1720 cm~! with a peak at ~1670 cm™1 62, It is composed
of several partially resolved components or sub-peaks whose relative intensities depend on
the secondary structure of proteins in the matrix and triple helical structure of collagen
type 15364, Typical assignments for the sub-peaks of the amide | band in the literature are
reported as follows (5 cm™1): ~1607 cm™1 is a stretching vibration of a carbon ring such
as those found in tyrosine or phenylalanine®®, ~1638 cm=2, a shoulder in the amide | band,
represents ordered structures in the form of an a-helix®, ~1660-1670 cm™1 is a stretching
vibration of carbonyl or C=0 component and causes the strongest sub-peak in RS%4:66,
~1685-1690 cm™1, another shoulder, represents disordered secondary structure with a lack
of hydrogen bonds®.

The fibril organization of collagen | within the bone matrix is maintained by the covalent
crosslinks between neighboring collagen molecules and contributes to the strength and
resiliency of bone®8. Therefore, this covalent crosslinking is vital to making a healthy fibril
network capable of withstanding the loads acting on bones during daily activities. The
crosslinks of collagen can be formed through both enzymatic and non-enzymatic pathways.
Enzymes facilitate the post-translational modifications that enable the crosslinking of C-
terminal telopeptides to a N-terminal helix of collagen molecules as well as the maturation
of divalent crosslinks to trivalent crosslinks8%; whereas, non-enzymatic reactions involving
sugar and oxidation form crosslinks that connect the helical tropocollagens within fibrils’?
and possibly between fibrils. Both types of crosslinks affect fibril mechanics and the
mechanical behavior of bone as described in multiple review articles’%-72, Assessing the
amide I band provides an indication of protein conformation due to the role of the amide
moiety in crosslinking®73.

Identifying the partially resolved and overlapping sub-peaks in the amide | band is not

a straightforward process. The following section describes the two methods that are
commonly used in the bone literature for the identification of sub-peaks comprising the
amide | band envelope. Although any pre-processing procedure of spectra may affect the
overall outcomes of sub-peak analysis, pre-processing the overall spectrum to minimize
noise may still be necessary before doing the amide | sub-peak analysis because it is

not always possible to obtain noise-free, high quality Raman spectral bands especially

for less intense peaks like the amide I. That is, to achieve a ‘reasonable fit’, removing
background fluorescence, smoothing or filtering noise throughout the spectrum, and defining
the baseline of the band are done prior to identifying the amide | sub-peaks.

Analyst. Author manuscript; available in PMC 2022 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Unal et al. Page 17

5.1. Identifying the sub-peaks

In RS and FTIR, locating the position of the sub-peaks is based on the minima of the

second derivative spectrum (i.e., d2f(1)/dw? where f(1) is the signal intensity as a function of
wavenumber or w). The second derivative of course amplifies noise, hence the need to filter
the spectrum to minimize small spikes imposed on top of the Raman signal. The chosen
wavenumber range of the amide | band can also affect the sub-peak ratios. An alternative
technique to identify sub-peaks is the local maxima of the difference spectrum?3.67_ |t
involves a subtraction of each intensity value from the neighboring intensity values such that
the local maxima of the difference spectrum highlight the locations of peaks.

5.2. Comparison in amide | sub-peak ratios between RS and FTIR

The use of amide | sub-peak ratios to assess characteristics of bone was originally developed
for FTIR spectroscopy’47® and then later adapted to RS without any of the original
validation experiments (i.e., comparing amide | sub-peak ratios from RS to ratios of collagen
crosslinks from gold standard, biochemical techniques). FTIR yields spectra with fairly high
SNR on the order of 1000:1 compared with RS in which spectrometer efficiency is on the
order of 30-80:176. Moreover, vibrational modes that cause a strong signal in FTIR tend to
cause a weak signal in RS and vice versa. For example, the intensity of the amide | band
(1580-1720 cm™1) is much higher in FTIR than in RS, whereas the peak intensity of v,PO,4
(960 cm™1) is much higher in RS than in FTIR. The overall shape of the amide | band

also differs between the 2 spectroscopic techniques’’. Thus, the interpretation of amide |
sub-peak ratios does not necessarily cross from one spectroscopic technique to the other.

The most reported amide | sub-peak ratio is calculated from peaks at ~1660 cm~! and at
~1690 cm™L. In FTIR spectroscopy, resolved sub-peaks at 1660 cm~1 and 1690 cm™1 were
related to the amount of non-reducible enzymatic collagen crosslinks (mature) and reducible
enzymatic collagen crosslinks (immature)’# leading to the use of this sub-peak ratio in

the assessment of bone by FTIR as an indicator of mature-to-immature crosslink ratio”8
(often denoted as XLR’9). In published bone studies using RS (Table 6), this ratio was

also interpreted to indicate the amount of mature enzymatic collagen crosslinking (trivalent)
relative to the amount of immature enzymatic collagen crosslinking (divalent). XLR or
matrix maturity ratio has also been determined using slightly different wavenumbers such as
the area of the sub-band at 1656 cm™ (B1gs56) per sub-band area at 1684 cm™ (B1g54)%,
B1ss6/B16sstt, and Biggo/B1gss®? (Table 6) owing to the location of the amide | band and the
method used to fit the sub-bands across studies.

Whether RS-derived XLR is a true indicator of the maturity of enzymatic collagen
crosslinking came into question when McNerny et al. reported that treating young mice
with an inhibitor of lysl oxidase (p-aminopropionitrile) for 3 weeks reduced mature
enzymatic collagen crosslinking (pyridinoline, PYD & deoxy-pyridinoline, DPD) without
affecting immature enzymatic crosslinking (di-/hydroxylysinorleucine or DHLNL & HLNL)
in the femur but increased XLR when measured by RS at sites of newly formed tissues2.
Gamsjaeger et al. subsequently reported that the percent area of the sub-band at 1660 cm™1
(one out of 8 to 13 sub-bands fitted to the amide | as dictated by the second derivative
spectrum) directly correlated with moles of pyridinoline per dry weight from 12 fractionated

Analyst. Author manuscript; available in PMC 2022 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Unal et al.

Page 18

peptides extracted from demineralized human bone (R? = 0.63) and that the sub-peak

at 1660 cm~1 did not appear in samples without trivalent crosslinks83. The study did

not include biochemical measurements of divalent crosslinks and so could not determine
whether a sub-band at 1690 cm™! is a marker of DHLNL or HLNL. Regardless, sub-peaks
of the amide | band are sensitive to the structure of the collagen | molecule®’, which is a
helix of two a1(1) chains and one a.2(1) chain as indicated by multiple studies involving
manipulations of the matrix (references with a * in Table 6).

5.3. Sub-band fitting (deconvolution)

Sub-band fitting requires the placement of overlapping non-linear curves that fit a
continuous curve to the shape of the amide | band when summed (Fig. 9). Such fitting is an
ill-posed problem since each non-linear curve can have any shape and can be centered at any
position within the band. To provide constraints, the non-linear curves are either a Gaussian
function or a mixture of Gaussian and Lorentzian functions; and as previously mentioned,
the position and number of sub-bands are based on the local minima of the second derivative
spectrum (Fig. 9A). The initial position may be relaxed such that the center of each sub-band
can slide to a lower or higher wavenumber (e.g., + 3 cm™1). Most commercial software for
the processing of Raman spectra (e.g., GRAMS, OriginPro, LabSpec, OPUS) is proprietary
and so the method for fitting the sub-bands may or may not be known, though spectroscopy
software programs typically offer several options for the fitting parameters (e.g., type of
non-linear curve, fixed or unfixed sub-peak positions, number of sub-bands, offset of the
base of the sub-bands, etc.). The general approach of the deconvolution algorithm is to vary
the width and height of the Gaussian function or the blending fractions of Gaussian and
Lorentzian functions, which are centered at the aforementioned minima, until the maximum
coefficient of determination (R2) from least squares regression is achieved. Next, the sub-
peak ratios can then be calculated as the ratio of the area or height of any 2 sub-peaks within
the amide | band.

To demonstrate how the deconvolution method affects sub-peak ratios of the amide | band,
we compared 100% Gaussian (Gauss) to a blend of Gaussian and Lorentzian functions
(Gauss/Lorent) and calculated sub-peak ratios using either the area or the height of each
sub-band. In these comparisons, positions of each sub-band were either allowed to move
away from the initial position (unfixed) or kept at the initial position (fixed) as determined
by the local minima of the 2" derivative spectrum. The details of the RS acquisition
parameters, the donor age and sex, and preparation of the human cortical bone samples can
be found in our previous publication42. The fit of 4 sub-bands was excellent regardless of
the type of deconvolution (Fig. S13). The unfixed option was slightly better than the fixed
option going from R? > 0.997 to R2 > 0.995, respectively; and on average, fits using Gauss/
Lorent were slightly better than the fits with just Gauss. As indicated by Friedman tests,
amide | sub-peak ratios depended on the deconvolution method whether based on the area
(Fig. S14A) or height ratios (Fig. S14B). The sub-peak ratios were lower for unfixed than
for fixed positions with the height of the sub-band at 1670 cm™1 per height of the sub-band
at 1610 cm™1 being the one exception.
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These sub-peak ratios did not necessarily correlate between 100% Gaussian functions and
the blend of Gaussian and Lorentzian functions (Gauss/Lorent). None of the selected sub-
peak ratios correlated when the position of each sub-band was allowed to move in order to
achieve the best possible fit (Fig. 10A). On the other hand, the sub-peak ratios correlated
between Gauss and Gauss/Lorent when the position of each sub-band was fixed, although
the correlation was poor for B1g70/B1g10, irrespective of area ratio and height ratio (Fig.
10B). For the Gauss/Lorent functions, sub-peak ratios at unfixed positions are not good
surrogates for sub-peak ratios at fixed positions (Fig. S15). Thus, deconvolution method
does affect the findings from sub-band analysis of the amide | band. Additional issues with
deconvolution of the amide | can be found in the supplemental information (Fig. S16-S19).

In summary, the values of the sub-peak ratios are not equivalent across several common
deconvolution methods even though excellent fits of the amide | band can be achieved
regardless of the method selected. Moreover, one deconvolution method is not a surrogate
for another deconvolution method such that one cannot expect sub-peak ratios from one
method to correlate with sub peak ratios from another technique, especially if the location
of these peaks are not fixed. At this time, it is difficult to recommend one deconvolution
method that is the most sensitive to differences in the structure of collagen type I. Towards
that end, research is needed to validate the sub-peak ratios of the amide | band as being
indicators of certain chemical moieties such as reducible or irreducible enzymatic crosslinks
or different degrees of helicity. Until then, we caution against the use of sub-band fitting
(i.e., deconvolution) and assessments of so-called collagen crosslink ratios using the area at
1660 cm™1 per area at 1690 cm™1 because of the uncertainty in what the shape and position
of the deconvoluted bands mean. Lastly, reporting findings in the literature (Table 6) may be
unique to the deconvolution method that was used.

6. Clinical assessment of bone matrix composition by probe-based

Raman spectroscopy

RS holds great potential for the assessment of a patient’s bone matrix quality as a way to
improve fracture risk prediction. For /in vivo measurements of physiochemical properties

of bone, custom-built, probe-based RS instruments (Probe RS) are generally required

(Fig. 11). The major difference in design between commercial RS instruments, which are
integrated with a microscope and provide confocality, and Probe RS instruments is the optics
delivering the laser onto the tissue and then transferring the scattered photons from the tissue
to the spectrometer (Fig. 1 and 11). This difference provides several distinct advantages for
Probe RS over commercial Raman micro-spectroscopy. In Probe RS, the polarization bias is
not an issue since the fiber optics do not preserve the orientation of light from the laser to
the bone nor from the bone to the spectrometer. Moreover, the laser illuminates the tissue
surface by a fiber optic cable, which has a greater diameter than an objective lens, resulting
in the ability of using higher laser power than is possible with commercial RS instruments.
In a Probe RS instrument, fibers also provide flexible laser deliver and photon collection
without the need of alignment as required in commercial RS instruments, but background
Raman signals generated by the fiber optics material itself during transfer of the photons
may interfere with the Raman spectrum of the sample analyzed1921,
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6.1. Spatially offset Raman spectroscopy

Probe RS generally involves one fiber optic (diameter = 200-500 pm) to deliver the laser
onto the sample and multiple collection fiber optics of similar size to direct Raman photons
to a spectrometer (Fig. 11). While the collection fibers can be distributed in a ring around the
excitation fiber without any spatial gap, collection fibers can also be located at an offset of

2 mm to 14 mm from the excitation fiber as either a row of fiber optics at a fixed distance
from the excitation source or as a ring of fiber optics with excitation source in the center,
providing the collection of Raman photons from deeper regions of the tissue or overlying
tissues. This method is known as spatially offset Raman spectroscopy (SORS).

In fact, collecting transcutaneous Raman spectra of bone tissue /n7 vivo with SORS has
been an active area of investigation for the past decade and half11:84-88 |n early attempts

to collect transcutaneous Raman bone spectrum, the researchers utilized an ultrafast Kerr-
gated, time-resolved RS which was originally developed to suppress fluorescence in Raman
spectrum89, Although transcutaneous Raman spectra of animal bone was successfully
collected with this method, the laser power used in such a setup is much higher than the
safety illumination limits®. Later on, the SORS concept has been successfully utilized to
collect in vivo transcutaneous Raman spectra of animal and human bone tissues82:91,

Several configurations of SORS have emerged during the past decade, including inverse-
SORS (where Raman is collected at the center of the probe and the laser is delivered at

the spatially-offset rings from the center)®?, Raman optical diffuse tomography (collecting
Raman signal using a circular fiber-optic array involving multiple fiber optic probes)®2,

and digital micromirror devices (DMD)-based SORS (the mirror elements within the DMD
replace the optic-fibers)88. However, the majority of the studies published on transcutaneous
Raman spectra of bone tissue have focused on developing an efficient SORS set-up,
optimizing spectra collection parameters, and developing a mathematical method to extract
bone spectra from the combined spectra involving the Raman signal contribution from

both soft and bone tissues (e.g., band-target entropy minimization, multivariate curve
resolution, and parallel factor analysis). More recently, two studies have further showed that
in vivo transcutaneous Raman analysis can predict mechanical properties of murine bone®3.
Nonetheless, only two pilot studies have investigated the feasibility of in vivo, non-invasive
clinical SORS analysis of bone in osteoporosis and other bone diseases (i.€., osteogenesis
imperfecta or Ol) research. These two pilot studies used either principal component analysis
(PCA) or vIPO4/Amide 111 ratio® to detect chemical compositional differences associated
with diseases compared to the healthy subject.

Although SORS is a promising method for clinical Raman analysis of bone, several
technical drawbacks still hinder it from being actively implemented in the field. For
example, the spectra collected via fiber-optic SORS exhibit distortions in band shapes and
position of spectra collected from different layers due to imaging imperfections present

at some level with any spectrograph®. Such distortions restrain the extraction of true

pure spectrum belong to individual layers within a sample, even after using multivariate
decomposition methods. Secondly, the possible penetration depth in current SORS methods
with a good SNR is up to a couple of millimeters®>:96, resulting in implementing the SORS
on a limited area of the human body (e.g., tibia or phalanges). With the advances in RS
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and optics technology, such technical drawbacks could be overcome soon, making the SORS
method widely used in the bone research area.

6.2. High-wavenumber RS

While the vast majority of bone studies utilizing Raman spectroscopy have primarily been
focused on fingerprint spectral range (300-1800 cm™1), the potential of high-wavenumber
spectral region (generally, 2500-4500 cm™1) in Probe RS and Raman micro-spectroscopy
has been also under exploration for physicochemical analysis of bone matrix, especially

for water compartments4. This high-wavenumber region has distinct and strong spectral
features of lipids, proteins, collagen, and water. Unal et al.14 developed a novel method

of measurement different water content in bone using a custom-built RS instrument with

an objective lens (10X, NA = 0.4) in the spectral range between 2500 cm~1 and 4000

cm™1. They further reported associations of RS-based water content measurement with
biomechanical properties of bovine®’ and human cortical bone® and radiation sterilization
of human cortical bone%%. However, collecting Raman spectra over a high wavelength region
poses different requirements on RS instrument such as different gratings, filters, and more
importantly detector. Commercial RS instruments with NIR lasers are currently not capable
of collecting data at this spectral range due to the rapid efficiency reduction of CCDs at this
spectral range (discussed in Section 2.1.3). Alternatively, Probe RS with correct filter and
laser (e.g., 680 nm) with a CCD optimized for 785 nm can acquire Raman signals in the
high wavenumber region1®. Thus, it is possible to cover the fingerprint regions and the high
wavenumber region when assessing bone spectra to measure all three main components of
bone (mineral, collagen, and water).

7. Other techniques and opportunities in the analysis of Raman spectra of

bone

Recent developments in the analysis of Raman spectra can bring new insight to the
assessment of bone composition and facilitate the implementation of RS to address
unanswered questions. Such developments include quantitative analysis, complex mixture
analysis, and Raman imaging/mapping. Qualitative analysis determines concentrations of
different biological molecules and substrates33 with partial least-squares (PLS) models such
as the multivariate calibration that was used to quantify the concentrations of glucose,
lactate, and ureal®2. In quantitative analysis, the intensity of an individual peak and the
intensity or integrated area ratios of two peaks are calibrated against known concentrations
of a certain substrate using a linear regression analysis'92:193 or/and PLS regression
(PLSR)101.104 {5 obtain a calibration curve and equation. Such curve and equation are then
used to predict the amount of a substrate when using the same RS device. In the bone field,
so far, such an approach has been implemented in three studies. In first study, the amount
of pyridinoline, a trivalent collagen crosslink, was analyzed quantitatively using the area of
amide | sub bands at 1660 cm~1 83, In second study, type B carbonated apatite with different
concentrations was analyzed quantitatively using the peak area ratios of 1071/960 cm™1 95,
In the third study, the amount of bone mineral in the matrix using voPO4/Amide I11 was
calibrated against the amount of mineral as measured by qBEI195,
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The shape and height of the fluorescence background depend on both the sample being
analyzed and the components of the RS instrument being used. As such, for the same RS
instrument and type of bone samples, the degree and shape of the fluorescence background
could potentially provide insight into bone quality such as the quantification of AGEs. When
AGEs accumulate following glycation of bone, the amount of fluorescence background also
elevates drastically?3 indicating background fluorescence in RS is a marker of AGE content.
Yet, to the best of our knowledge, there has been no study investigating fluorescence
background of a Raman spectrum to extract meaningful information for bone or other
biological tissues.

Raman imaging or mapping is another technique with potential to investigate the role of
heterogeneity in bone fragility. This technique creates images of chemical moieties based on
the spatial acquisition of Raman spectra in a selected region of interest. To create a Raman
map, spectra can be acquired by either point-by-point mapping or line-focus mapping. In
the point-by-point approach, the laser is focused on a spot and then after the spectrum is
collected, a motorized microscope stage moves the sample under the laser to another spot
whereupon another spectrum is collected. This is done sequentially in the defined region of
interest. In line-focus mapping approach, the laser illuminates a line on the sample enabling
the collection of spectra simultaneously from multiple positions at a single acquisition. The
latter can raster across a region and saves time. Generating a Raman map can take couple
minutes up to a couple days depending on the size of the area being mapped. There are
multiple studies in the literature investigating bone matrix composition and orientation using
Raman imaging/mapping techniques36:106.107 pyt unlike FTIR imaging'98, Raman maps
have yet to be acquired to determine whether compositional heterogeneity is associated

with osteoporosis. With technical advances in RS technology and in the field of artificial
intelligence and machine learning, Raman mapping has potential to investigate heterogeneity
in bone matrix composition as well as collagen orientation within a short time-period.

Combining RS or surface-enhanced Raman (SERS) with different chemometric and curve
fitting techniques, overlapping features in Raman spectra can be extracted. As an example,
such an approach enabled label-free analysis and monitoring of osteogenic differentiation

of human mesenchymal stem cells1%-111, The identified features can then identify and
characterize bone cells112-116 Beyond the scope of the present review is the use of machine
learning algorithms in RS to extract information pertinent to bone when the spectra contain
signals from soft tissue such as skin and muscle. For those interested multivariate techniques
to assess bone characteristics, we refer readers to the work of Berger and co-workers87:93.

8. Recommendations for the use of Raman spectroscopy in bone studies

Since the quality and background fluorescence of Raman spectra of bone depends on

the RS instrument, reproducibility and comparisons across studies require the reporting
of key information about the components of the instrument, pre-processing techniques,
and property determination. Moreover, the sample characteristics should be also provided,
including whether the bone specimens were polished, dehydrated, or embedded as well as
anatomical locations since the quality and fluorescence background of Raman spectra are
also dependent on the characteristics of the bone sample.
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With respect to the instrument, we recommend reporting the following parameters: laser
wavelength (nm), laser power (mW) as measured by a laser meter placed at the surface of
bone being analyzed, magnification (e.g., 20X) and numerical aperture of the objective lens
(e.g., NA = 0.5), scan time of 1 spectrum (s or min), number of accumulations, the actual
wavenumber range of the Raman shift (e.g., 360 cm™ to 1780 cm™1) prior to truncating the
ends (if applicable), the nature of confocality (e.g., slit/pinhole size = 10 um to 200 pm),

the approximate SNR values of at least two bands, preferably the v1 phosphate and amide

I, and the spectral resolution (cm™1). There is not a standard method for assessing SNR, and
so if reporting it, a description of how SNR was determined may be necessary. Alternatively,
investigators can provide representative spectra of bone samples.

It is important to note that removing background fluorescence does not guarantee that

the true spectral shape of the bone tissue is being analyzed because the polynomial or
piecewise baseline fit to the spectrum may not be the true baseline of many overlapping
Raman peaks. Therefore, obtaining meaningful physiochemical properties of bone depends
on consistently implementing such subtraction methods within a study. For any method
used to remove background fluorescence, we suggest overlaying the raw and subtracted
spectra and searching for intensities that are negative or appear exaggerated (i.e., higher
than indicated by the raw spectrum due to overfitting) (Fig. S10). Once the selected fitting
parameters (polynomial order, wavenumber range, and base points) have been established to
not cause negative intensities nor exaggerated peak heights, they should be used to subtract
background fluorescence from all spectra in a study. We recommend reporting the method
that was used to remove background fluorescence and whether any additional ‘corrections’
were applied to define the baseline of peaks.

The optimal parameters of the smoothing process of Raman spectra (i.e., noise filtering)

are not as easy to identify, especially since they depend on the SNR or spectral quality

of the Raman signals being collected. We suggest a limited use of digital filtering when
determining primary Raman properties of bone. If filtering is necessary to identify peaks,
we recommend first selecting a higher polynomial order (e.g., 41 degree vs. 2"d degree) and
narrower window size (e.g., 11) because this preserves much of original signals (it takes

a light touch to noise suppression). If noise is still obscuring the location of peaks, the
window size can be increased followed by a higher order polynomial (51" degree vs. 4t
degree). However, selecting a wide window size (e.g., >20 for spectral resolution of 1 cm™1)
and/or high polynomial order (e.g., >4™" degree) for the S-G filter is risky because of the
likelihood of masking small peaks and shoulders (i.e., distorting the shape of the original
spectrum). Regardless of the parameters chosen, we strongly recommend using the same
filtering parameters for all spectra within a given acquisition protocol and reporting the noise
filtering process.

To minimize potential discrepancies among studies of bone using RS, we also suggest
clearly stating the method by which Raman properties were determined. This includes
baseline definition of each band of interest and the method for quantifying each peak of
interest (maximum intensity or peak height, integrated area, or the use of fitted sub-bands).
Reporting wavenumber location of each peak intensity, wavenumber range of the integrated
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area, and specifics on the deconvolution procedure are all useful information for making
comparisons among different studies and ensuring reproducibility.

Because excellent fits of the sub-bands to the amide I band can be achieved for different
deconvolution methods, we recommend using direct peak height ratios in which the location
of the sub-peaks is determined by the local minima of the second derivative spectrum.
Regardless of using the direct approach or an indirect deconvolution method, we highly
recommend reporting i) the wavenumber range of the amide | band, ii) any baseline
corrections or additional noise filtering, iii) the number of sub-bands that were fit (or

used in the direct determination) and the reason for that number (e.g., 2"d derivative
spectrum consistently had 4 minima below zero), iv) the functions being fit (e.g., Gaussian,
Lorentzian, or blend of the two), and v) whether the positions of the sub-bands were fixed
or allowed to move. To provide transparency, examples of the 2" derivative spectrum, fitted
sub-bands with R2 values, and the average wavenumber position of each sub-band can be
provided in supplemental information, if not in the main body of the manuscript. In our
experience, the wavenumber position of each sub-band varies within ~3 cm™ of the local
minima, and so we prefer to label our sub-peak ratios with 3 significant digits (e.g., 1610
cm~L instead of 1605 cm™1 and 1670 cm™! instead of 1668 cm™1). Even though the obtained
peak-fitting solution is mathematically correct, the deconvolution is not a unique solution.
Moreover, deconvolution of the amide | band into sub-bands is not necessarily attributable to
the physicochemical properties of bonell’.

9. Conclusions

When information about the composition of bone at the ultrastructural level of organization
is desired without destroying the hydrated bone sample (e.g., because it is required for
mechanical testing), Raman spectroscopy can provide spatial assessments of mineral-to-
matrix ratio (mineralization), carbonate-to-phosphate ratio (Type B substitution), width of

a phosphate peak (crystallinity), and other compositional characteristics. The sensitivity of
RS to differences in these characteristics depends on the components of the instrument,
acquisition parameters, sample preparation, and the methods for processing the spectra

and then determining peak ratios. Therefore, users must ensure that the RS instrument is
calibrated, the laser power is maximized without harming the tissue, optics of the instrument
focus the light at the site of interest and are properly aligned to deliver the maximum number
of photons to the spectrometer, and the balance between acquisition time and number of
acquisitions provides spectra with minimal noise without being impractical.

Diode lasers in RS emit light with a preferred orientation, even without added optics, and
so the orientation of bone samples must be consistent during the collection of Raman
spectra. Collecting multiple spectra distributed throughout the specimen also minimizes
polarization bias (i.e., peak ratios depend on bone orientation) and minimizes noise if

the spectra are averaged into one spectrum prior to processing. Because bone contains
fluorophores, subtracting background fluorescence is often necessary. Ideally, the quality or
signal-to-noise of the Raman spectra is sufficient to preclude the use of a digital noise filter
because it may mask subtle, but important Raman peaks of interest.
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After pre-processing the acquired Raman spectra, using peak intensity ratios may provide
better sensitivity to differences in compositional properties of bone than integrated area
ratios because there is much less uncertainty in wavenumber location of peaks than in
wavenumber range of corresponding bands and because peak heights are less sensitive than
band areas to residual fluorescence (i.e., true baseline). For noisy spectra, integrated area
ratios may however be the more sensitive method. Regardless, reporting how spectra are
pre-processed and how peak ratios are determined ensures reproducibility and comparisons
of findings across RS studies of bone.

Maximizing the inherent quality of the spectra that a given RS instrument can provide and
then judiciously selecting pre-processing methods based on this spectral quality improves
the ability of RS to identify differences in bone composition and organization among
experimental groups. Furthermore, the potential for RS to provide new information about the
physiochemical nature of bone and its contribution to fracture resistance can be improved if
future studies report key details about the wavelength laser, the laser power density at the
bone surface, sample preparation, numerical aperture of the objective lens (or the size and
number of fiber optics), background fluorescence subtraction, and noise filtering.
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Figure 1: A schematic depiction of a Raman micro-spectroscopy instrument.
A) A Raman spectroscopy instrument has 4 primary components: a light source, a stage

for the sample being analyzed, optics, and a detector. B) A commercial RS instrument
includes mirrors, optical filters, focusing lenses, and objective lens to deliver the laser onto
the sample and guide the collection of Raman scattered photons to the spectrometer (i.e.,
grating and detector, which is a charged-coupled device or CCD). The grating separates
photons according to their wavelength in space so that the pixels of the CCD captures their
intensity. Raman micro-spectroscopy has a confocality option which is provided by a pin
hole aperture and slit. The optics of Raman micro-spectroscopy can preserve the polarization
axis of the laser.
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Figure 3. Effect of improper calibration of the Raman shift axis on peak locations.
Raman spectra were acquired from silicon using an 830 nm laser source before (red)

and after (black) calibration (B). When a commercial research-grade RS instrument is not
properly calibrated, the wavenumber location of peaks such as v1POy4 (inset) are shifted
from their known location (B).
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Figure 4. Effect rotating bone 90° relative to the polarization axis of the laser on Raman peaks of
human cortical bone.
The diode laser is preferentially polarized such that the orientation of the light waves is

narrowly distributed about an axis unlike unpolarized light or fully polarized light (A). By
knowing the direction of the polarization axis of the laser, a bone sample can be rotated

90° such that the orientation of the osteons is parallel (black) or perpendicular (red) to the
polarization direction (B). The Raman peaks of cadaveric cortical bone are higher when the
osteons are parallel than when they are perpendicular to the polarization direction, but the
change in height upon rotation is not the same across all peaks (C).
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Figure 5. Effect of acquisition time and number of accumulations on Raman spectrum of bone.
Raman spectra were acquired from the native unpolished human cortical bone obtained from

a cadaveric femur using an 830 nm laser source while keeping the total acquisition time
constant (e.g., scan time x number of accumulations = 60 s) but different combinations of
scan time x number of accumulations. The spectral resolution of the Raman instrument was
1cm™L
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Figure 6. Effect of polynomial order on the fit of the non-linear curve to the apparent baseline of
a Raman spectrum of bone.

Because bone tissue contains fluorophores that auto-fluoresce upon exposure to laser light,
all raw Raman spectra of bone have background fluorescence that obscures the relative of
heights of various peaks. To remove or subtract the background fluorescence, a polynomial
curve of some specified order (e.g., quartic) is fit to the apparent baseline of the Raman
spectrum. Selecting too low of an order (e.g., a*x2 + b*x + ¢) or too high of an order
(@*x10 + b*x9 + c*x8 + d*x” + e*x8 + f*x4 + g*x3 + h*x2 + i*x2 + j*x + k) under-fits
certain regions of the spectrum or over-fits the polynomial baseline curve. The poor fit at
the extreme ends of the Raman shift can be ignored if the region does not contain important
peaks (i.e., can be truncated after removing background fluorescence).
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Figure 7. Differences in Raman spectra of bone due to noise filtering and different methods to

determine peak ratios.

A fitted 5! order polynomial curve subtracted the background fluorescence from the raw
spectrum of human cortical bone, and then a S-G filter (4th order & window of 21) was
(green) or was not (blue and offset) applied (A). Two typical methods for determining peak
ratios include dividing one peak intensity (PI) height by another PI height or dividing an
integrated area (1A) of a band by an IA of another band (B). *When using the Pl method or
IA method, the mineral peak is divided by proline peak or the combination of Pro and the

hydroxyproline peak, respectively.
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When a local linear baseline (red line) ‘corrects’ the height of the v1 phosphate peak at
~960 cm™1, the FWHM decreases meaning crystallinity increases (A). This linear correction
(LC) also increases the correlation of determination (R2) of the fit of the Gaussian curve to

the peak (B) when compared to a fit without correction (WC).
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Figure 9. Deconvolution procedure to fit sub-peaks to the amide | band.
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Initial peak positions under the amide | envelope are based on the minima of the 2"
derivative spectrum below zero (A). To deconvolve the sub-peaks, Gaussian functions are fit
to the amide | band such that their location is close to initial location identified by the 2nd
derivative spectrum and their sum achieves a high coefficient of determination (R2 > 0.990)
(B). The spectrum in this example was baseline corrected using 5™ order polynomial fit, and
a linear baseline was applied to the amide | band before the curve fitting. Origin Pro 8.5 was
used for sub-peak finding and band fitting amide I.
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Figure 10. Sub-peak ratio correlations between 2 deconvolution methods.
When the sub-bands are allowed to move during the fitting process, 100% Gaussian curves

do not produce sub-peak ratios that correlate with their corresponding sub-peak ratio as
determined by a blend of Gaussian and Lorentzian functions (A). On the other hand, when
fixing the position of the sub-bands to the local minima of the 2" derivative spectrum, the 2
different deconvolution methods determine sub-peak ratios that correlate, at least for 2 of the
3 ratios that were selected (B). This is not a justification for fixing the positions during the
curve fits, but rather the choice of selecting Gaussian vs. Guassian/Lorentzian functions is
less problematic when the positions of the sub-bands are fixed. P-value is provided for each
Spearman’s correlation coefficient (r).
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Figure 11. A schematic depiction of a probe-based RS (Probe RS) instrument.
Probe RS instrument include fiber optics in a cable that passes the light from the excitation

laser to the material of interest and the scattered light to the detector.
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Table 3.

Significant correlations between Raman properties and mechanical properties of bone.

Sheep femur

Mechanical test Species bone Raman property  Mechanical property  Correlation coefficient (r) Ref
pvp? -0.756
Three-point bending Mouse femur leO4/ProIinea 134
Ultimate stress +0.810
Modulus +0.565
Nanoindentation Mouse tibia leO4/ProIinea 134
Hardness +0.567
ab Modulus +0.796
v1POy4/Proline™ -
Stiffness +0.666
PY energy +0.597
Three-point bending Mouse femur CO4/vPO, ¢ 135
PY toughness +0.585
PY energy +0.740
LVFWHM[v;PO,]¢
PY toughness +0.770
2 Stiffness +0.663
v1PO4/Amidel
Modulus -0.793
Stiffness +0.824
Three-point bending Rat femur CO3/V1PO43 59
Modulus -0.574
Stiffness +0.678
1/FWHM[v;PO,]
Modulus -0.592
Modulus +0.397
Fatigue in tension Human femur 1/FWHM[v;,PO,4] Yield stress +0.266 136
Fracture stress +0.258
v,PO,/Amidel? Kot -0.836
Three-point bending Mouse femur 137
1/FWHM[v;PO,] Kyof -0.774
v,PO,/Amide 17 K,of +0.341
Three-point bending Human femur 138
CO4/v,PO,° DK, /ba’ -0.278
166311632 Ultimate strain +0.740
Tensile Human femur
CO4/v,PO,° Ultimate strain -0.880
139
166311632 Ultimate strain +0.870
Three-point bending Human femur
CO4/v,PO,° Ultimate strain -0.750
viPO,/Amide 1 ID1 +0.770
Reference point indentation Rat tibia 122
COy/v;PO,” ID1 -0.653
Nanoindentation Rat humerus v{PO,/Amide 14 Modulus +0.894 140
Nanoindentation v1PO,/CH, wag? Modulus +0.387 141
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Mechanical test Species bone Raman property  Mechanical property  Correlation coefficient (r) Ref
CO4/v,PO,? Modulus +0.583
Hardness —0.8839
Nanoindentation Mouse femur v;PO 4/(|~,yd+p|—0)b 124
Plastic index +0.9149
v1PO,/Amide 17 Hardness +0.787
Nanoindentation Rat femur 121
CO4/v,PO,? Hardness +0.632
Nanoindentation Human vertebrae  ~,pO,/CH, waga Modulus +0.690 142
Toughness -0.616
Three-point bending Bovine femur |1e7o/|1s4oa 67
PY toughness -0.735
v,PO,/Amidel? K,of -0.396
Three-point bending Human femur 51
a e -
l1670/l1640 Kie 0.569
Nanoindentation Human femur 1/FWHM[v{PO,4] Modulus +0.514 143

a . . .
Peak intensity ratio

b .
Band area ratio

cCorreIation between osteogenesis imperfecta (Ol) control and Ol anti-TGF- for Col1a2+/P-G610C missense model are reported

dPost-yieId (PY) displacement (PYD)

e T . . . . . .
Crack initiation toughness was determined as critical stress intensity factor K in mode | opening (K|c)

fCrack growth toughness was determined as the change in per change in crack length 90 AK|c/Aa

gPartiaI correlation
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Table 4.

Page 47

Age-related difference in Raman spectroscopy properties of cortical bone as determined by peak intensity ratio

(P1) and integrated area ratio (IA) with and without 2"d order Savitky-Golay filter (window size = 21). The
highest standard mean difference (d) was bolded for each property.

6-mo. 20-mo.
Property Method  Filter Effect size (d)  p-value
Mean (SD) COV (%) Mean(SD) COV (%)
S-G  16.1(14) 8.95 18.5(1.7) 9.03 1.549 <0.0001
Pl
None  15.8 (1.5) 9.25 18.4 (1.7) 9.17 1.627 <0.0001
v1PO4 / Amide |
S-G  6.06 (0.56) 9.29 6.80 (0.54)3 7.99 1.343 0.0002
1A
None  6.06 (0.56) 9.28 6.80 (0_54)3 7.99 1.343 0.0002
S-G  21.7(24) 111 255(2.1) 8.03 1.679 <0.0001
PI
None 211 (2.1)‘7 9.98 25.1(2.1) 8.22 1.904 <0.0001
v1PO,4 / Pro or / (Pro+Hyp)
G 125(1.3)% 9.98 14.2 (0.92) 6.46 1.495 <0.0001
1A
None 125 (12)‘9 9.93 14.2 (0.92) 6.48 1.578 <0.0001
ol S-G  2.73(0.32) 11.6 3.11(0.27) 8.55 1.277 0.0003
. None  2.67 (0.29) 111 3.05 (0.26) 8.57 1.375 0.0002
voPO, / Amide 111
S-G  1.60(0.18) 114 1.83 (0.19) 10.3 1.244 0.0005
1A
None  1.60 (0.18) 11.4 1.83(0.19) 10.3 1.244 0.0005
S-G 129 (1|7)<9 12.9 15.4 (1.5) 9.74 1.554 <0.0001
PI
a
VPO, | CHy-wag None 127 (1.7) 13.4 15.2 (1.5) 9.75 1.554 <0.0001
A S-G  7.95(1.1) 135 9.44 (0.91) 9.61 1.468 <0.0001
None  7.95(1.1) 135 9.44 (0.91) 9.64 1.468 <0.0001
. S-G  0.18(0.005) 2.88 0.19 (0.003) 1.72 2.394 <0.0001
None  0.18 (0.005) 2.76 0.19 (0.005) 242 2.000 0.0005
CO3/v1POy
S-G  0.22(0.005) 2.21 0.23 (0.004) 1.61 2.195 <0.0001
1A
None  0.22 (0.005) 2.22 0.23 (0.004) 1.61 2.195 <0.0001

a . . . . . .
Data did not pass the Anderson-Darling normality test; therefore, the p-value was determined by the Mann-Whitney test. Otherwise, the
comparison between 6-mo. and 20-mo. old mice was tested for significance using a two-sided t-test.
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Table 5.

Age-related difference in Raman spectroscopy properties of cortical bone as determined by baseline linear
correction with and without single peak Gaussian fitting. The highest standard mean difference (d) was bolded

for each property (filtered spectra).

6-mo. 20-mo.
Baseline Method Effect size (d) p-value
Mean (SD) COV (%) Mean (SD) COV (%)
Direct 0.0512 (0.0005) 1.05 0.05217 (0.0011) 209 1.065 0.0042
Without correction
Gaussian Fit 0.04966 (0.0004) 0.867 0.0505'3 (0.0008) 1.63 1.389 0.0003
Direct 0.0534 (0.0004) 0.825 0.0542 (0.0009) 1.80 1.077 0.0031
Linear correction
Gaussian Fit ~ 0.0501 (0.0004) 0.851 0.05097 (0.0008) 167 1.208 0.0014

a. . . . . . .
Did not pass the Anderson-Darling normality test; therefore, the p-value was determined by the Mann-Whitney test. Otherwise, the comparison

between 6-mo. and 20-mo. old mice was tested for significance using a two-sided t-test.
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