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Abstract

Raman microspectroscopy is widely used for musculoskeletal tissues studies. But the fluorescence background obscures prominent Raman
bands of mineral and matrix components of bone tissue. A 532-nm laser irradiation has been used efficiently to remove the fluorescence
background from Raman spectra of cortical bone. Photochemical bleaching reduces over 80% of the fluorescence background after 2 h and is
found to be nondestructive within 40 min. The use of electron multiplying couple charge detector (EMCCD) enables to acquire Raman spectra of
bone tissues within 1-5 s range and to obtain Raman images less than in 10 min.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The mechanical properties of whole cortical bone are deter-
mined by its mass, geometry, and intrinsic composition [1].
However, these parameters alone cannot fully explain the
variance in the mechanical properties of bone at the micro-
structural level [2—4]. At this level, cortical bone is comprised of
interstitial lamellae and secondary osteonic lamellae micro-
architectures, which are known to exhibit different mechanical
properties. Such anisotropic mechanical properties have been
linked to the difference in the hierarchical organization and
orientation of the mineralized collagen fibers, as well as the
history of the bone (e.g., diet, maturity, disease state, and the
degree of microdamage) [5—7]. It is therefore necessary to
establish an accurate and thorough understanding of these
microstructural organizations in isolation and in relation to the
biomechanical properties of bone.

Our group has previously shown that Raman microspectro-
scopy and Raman imaging are invaluable tools for the study of
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bone tissue. We have examined biomechanical properties [8—12]
and in vitro mineralization process [13]. Raman spectroscopy is
advantageous for its high information content and micron-range
spatial resolution. Using multivariate curve resolution techni-
ques, small variations in local composition can be detected and
imaged [8—10].

While Raman spectroscopy is a useful imaging method, it
suffers from two major limitations. Because the tissue is
fluorescent, Raman spectroscopy and imaging are frequently
performed with a near-infrared (NIR) laser, such as a 785 nm
diode laser, which excites little bone fluorescence. Compared
to the green (532 nm) lasers widely used in Raman
spectroscopy, the use of a 785-nm diode laser results in
long acquisition times. We routinely collect a line of 128 or
256 spectra in 30 s to 3 min using a line focused 785 nm
laser. The long acquisition time is a result of the inverse-
fourth power dependence of Raman intensity with excitation
wavelength and the low quantum efficiency of CCD detectors
at wavelengths above about 800 nm. At 785 nm, Raman
scattering is about five times less intense than at 532 nm and
the quantum efficiency of a deep depletion back-illuminated
CCD-the best available detector for the 800-900 nm range in
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Fig. 1. Schematic representation of line scanning Raman microscope (LSRM). L1, L2, and L3: positive lenses; SM: scanning mirror; BS: beam splitter; M1, M2, and

M3: mirrors; EMCCD: Electron Multiplying CCD.

which 785 nm excited bone mineral spectra and matrix amide
I and amide III spectra are found—is about 30-40% [14]. By
contrast, a back-illuminated CCD operating in the 550—
600 nm range has quantum efficiency about 80—90%.

In addition, bone scatters light. Since the pioneering work
of Matousek et al. [15] using time-resolved Raman spectros-
copy, the effects of multiple scattering on Raman spectra have
been intensively investigated [16,17]. It is known that as light

propagates through a scattering medium such as bone [18-20],
the light beam spreads out, resulting in Raman occurring at
sites removed from the initial direction of laser beam entry
into the tissue. The Raman scattered light itself undergoes
multiple scattering. The overall effect can be modeled by a
random walk. The multiple scattering effects are now
generally called Raman photon migration [21], by analogy
to multiple scattering effects in absorption and fluorescence
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Fig. 2. Representative Raman spectra of bovine bone at different photobleaching time. Laser power is set to 150 mW.
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spectroscopy. Photons that undergo multiple scattering are
called diffusive photons.

The recently developed electron-multiplied CCD (EMCCD)
[22] provides low noise gain and has the potential for reducing
Raman spectral acquisition times a factor of 10—40. The back-
illuminated EMCCD has already been applied to low-light level
fluorescence imaging applications, including ultra-sensitive
detection of intracellular calcium concentrations [22], optical
tracking of single proteins [23] and imaging of tumor-targeted
molecular probes [24].

However, to fully exploit the sensitivity of the back-illu-
minated EMCCD for 532 nm laser Raman imaging of bone, it
is necessary to reduce the fluorescence background, which
otherwise obscures the Raman spectrum of musculoskeletal
tissues. Two general approaches have been proposed to
minimize bone tissue fluorescence: chemical bleaching with
30% hydrogen peroxide [25] and photochemical bleaching
with a 532 nm laser [26]. The chemical procedure has the
disadvantage that there is an only very short time between the
destruction of fluorescent impurities and damage to the tissue
itself [27]. While no drawbacks were reported for the
photochemical procedure, the 4-h treatment times were
excessively long. In this study, we examine modified
photochemical bleaching protocols that enable fluorescence
reduction within 20 min, depending on the specimen. As we
demonstrate, Raman photon migration effects the bleaching
time and can be used to shorten the overall measurement
time.

2. Materials and methods

The hyperspectral Raman imaging system (Fig. 1) is similar to our
earlier design [28], except that a scanning stage that translates the specimen
under a fixed laser line has been replaced by a galvanometer scanning
mirror that sweeps the laser line across a stationary specimen. It consists of
a research grade microscope (E600, Nikon USA), a 2 W 532 nm laser
(Millennia II, Spectra Physics, Mountain View, CA), and an f/1.8 axial
transmissive spectrograph (HoloSpec, Kaiser Optical Systems, Inc., Ann
Arbor, MI). An infinity corrected 10x0.45 NA plan achromat objective
(Nikon) was used for focusing the 532 nm laser line onto the specimen and
for collecting the Raman scatter. The spectrograph was fitted with a
512x512 pixel back-illuminated EMCCD (iXON, Andor Technology,
Belfast, Northern Ireland.) and operated at full gain was used. A uniform
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Fig. 3. Percentage decrease of background intensity at different photobleaching
time for various laser powers.

100 Gk

901 —&— Wet Bone

—1— Dry Bone

80+

704

%

60
50
40
30

20 T T T T T y
0 20 40 60 80 100 120

Time (min)

Fig. 4. Time dependence of fluorescence background reduction for wet and dry
bone. Laser power is 100 mW.

laser line was generated using a 5° Powell lens (StockerYale Canada,
Montreal, PQ) [29]. Hyperspectral images are built up by scanning the line-
focused laser across the specimen [30] using a single axis scanning mirror
(6240H, Cambridge Technology, Inc., Cambridge, MA) placed between the
microscope and the long-pass filter (Fig. 1). A LabVIEW (National
Instruments, Austin, TX) program controls the mirror’s position by adjusting
the voltage sent to the mirror control board through a 12-bit digital-analog
converter. The mirror could be positioned to approximately +0.2 pm with a
settling time 1-3 ms.

The spectrograph was calibrated against an Ar emission lamp. Spectral data
analysis was performed with Matlab (Math Works, Inc.) or in GRAMS/32
(Galactic Industries). Prior to data analysis, all spectral data were processed with
removal of the curvature of the spectral bands due to the large gathering angle of
the spectrograph, subtraction of dark current and removal of noise spikes. The
spectra were analyzed using principal components analysis to identify spectral
factors and band-target entropy minimization (BTEM) [31] to extract the spectra
and generate score plot images.

Bovine bone specimens obtained from a local abattoir were sectioned into
5x2x10 mm blocks under constant irrigation using a diamond wheel saw
(South Bay Technology, Inc., San Clemente, CA). Sections were rinsed with
calcium-buffered saline (CBS) solution to remove any residues and blood.
Calcium buffering is required to maintain bone stiffness in saline solution. CBS
solution is comprised of 0.57% CaCl, and 1% sodium azide (as an antibiotic) in
phosphate-buffered saline (Invitrogen, Carlsbad, CA) solution, buffered to
pH=7.4 [32]. The rinsed sections were then wrapped in calcium saline soaked
gauze, and frozen (=30 °C) until required.

Two different photobleaching protocols were examined. In protocol 1 a bone
specimen was removed from CBS, allowed to dry superficially and
photobleached for 10 s—5 min prior to Raman data acquisition. In protocol 2,
the specimen was kept moist by suspension in a chamber with a cover containing
an opening just large enough to accommodate a microscope objective [12]. High
humidity was maintained by a thin layer of water in the bottom of the chamber.
Just prior to an experiment, a bone specimen was briefly immersed in deionized
water to establish hydration and then photobleached for 2—20 min prior to
Raman data acquisition.

To measure the time dependence of the photobleaching process, each Raman
spectrum was acquired using 4 s integration times at 15 min intervals over a 2-
h period. To test the effect of multiple scattering (photon migration) on bleaching
efficiency, specimens were prebleached for 15 min and 4 s integration spectra
were obtained continuously for times of 160—180 s.

Raman imaging was performed on a section of fresh bovine cortical bone.
A line focused 532 nm laser was focused onto the specimen through a Nikon
10X/0.45 NA plan apochromat objective, providing incident laser power of
100 mW. A series of 100 transects of Raman spectra spaced 1.0 pm apart
(2.0 pm spatial resolution) were acquired to construct 296 umx107 pum
(HxW) image. The integration time for each transect was 4 s. The specimen
was photobleached with line illumination at one end of the scanned region for
approximately 15 min prior to Raman data acquisition. BTEM [31] has been
applied to extraction of Raman spectra and Raman images from Raman
imaging microspectroscopy data sets. Bands in non-noise eigenvectors that
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Fig. 5. The short time dependence of fluorescence background.

would normally be used for recovery of spectra are examined for localized
spectral features. For a targeted (identified) band, entropy minimization is
used to recover the spectrum containing this feature from the non-noise
eigenvectors [33].
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3. Results and discussion

It was observed that the exact time dependence of fluo-
rescence photobleaching depended on the specimen used, the
pretreatment employed and the position of the laser beam on the
specimen. In general, pretreatment to remove blood reduced
bleaching time and superficially dry specimens photobleached
more rapidly than fully hydrated specimens. Therefore, it was
necessary to establish bleaching times required for each spe-
cimen empirically before beginning an image acquisition. Rep-
resentative data are presented here.

Fig. 2 shows representative Raman spectra of bone photo-
bleached according to protocol 1 as a function laser irradiation
time. At the beginning of an experiment most of the Raman
bands are observed on a high fluorescence background. Fig. 3
shows a time sequence of Raman spectra of bone photobleached
according to protocol 1 as a function laser power. After about
15 min, the fluorescence background is reduced to 50% or less of
the initial value, depending on the total laser power. Further
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Fig. 6. (A) Reflected light (a), fluorescence (b) and Raman images (¢ and d) of a section of cortical bone, and (B) corresponding Raman spectra. Raman spectra
corresponding to Raman images are indicated with the same lowercase letter. Raman images are 296 pm x 107 um with 2 um resolution.
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decrease occurs over time, but the rate is much lower. The
photobleaching rate is much lower if the bone is immersed in
water or CBS (Fig. 4). For the specimen shown in this figure,
prebleaching a superficially dry bone for about 15 min reduces
the fluorescence background to about 45% of the initial value,
but results in only a 15% reduction in fluorescence of tissue
immersed in water or CBS.

The Raman spectrum of bone has prominent and well-
characterized mineral and matrix bands in the 800—1680 cm '
observation window. Phosphate v, is found at 959-960 cm ™.
Carbonate v, is found at 1069—1071 cm™'. The major Raman
signatures of matrix in this region are amide III at 1245-—
1250 cm™', CH, scissoring at 1447—1451 cm™' and part of
the largest component of amide I envelope at 1668—1672 cm ™.
The Raman band positions and band intensities show no
significant change (<3%) throughout the 20-min photobleach-
ing period. While we cannot demonstrate the complete
absence of photochemical damage to bone matrix, most of
the background reduction is due to the bleaching of other
fluorophores.

However, prolonged photobleaching of dry bone (>30 min)
can alter the mineral to matrix band area ratio by 4—6%.
Although, the mechanism behind these changes is unclear, it is
likely to involve dehydration of the matrix component as a result
of laser-induced thermal heating effects. Photolysis of collagen
cross-links by a 532-nm excitation is also a plausible mecha-
nism, even though the excitation wavelength (ca. 325 nm) is well
below the 532 nm irradiation wavelength used in this study.
Further work is necessary to establish the rate of collagen cross-
link photolysis using both visible and UV excitation wave-
lengths. However, Ager et al. [34] has successfully shown that
UV Raman spectrum of human cortical bone can be obtained
without degrading the matrix component by using low laser
powers (<5 mW) and by spinning the specimen rapidly using a
custom-made rotating stage (~45 rpm).

The short time dependence of fluorescence background is
shown in Fig. 5. The number counts is recorded, to show that the
wet bone has a higher background than the dry, and has as a
slower rate of photobleaching. With about 15 min of prebleach-
ing, the dry tissue has a low and very slowly decaying back-
ground, as shown in Fig. 5. These results are consistent with
partial replenishment in the wet specimen of fluorophores in the
illumination region, presumably by transport of water-soluble
material, such as FAD or heme.

Fig. 6A shows reflected light (frame a), fluorescence (frame b)
and Raman images (frames ¢ and d) of a section of partially
damaged cortical bone. Raman spectra corresponding to each
frame are labeled with the same lowercase letter, and are shown
in Fig. 6B. A 15-min prebleach was performed at the left edge
of the scanned region, and the line scan direction was left to
right. The features are similar in each image, except that the two
mineral component Raman images show different spatial
dependences (Fig. 6¢ and d). In the region of undamaged tis-
sue, the phosphate v, band was found at 959 cm ', as expected
for the carbonated hydroxyapatic bone mineral. However, in the
region of damage, the additional phosphate v, band was ob-
served at 964 cm ™' and interpreted as a more stoichiometric,

less carbonated mineral species. The spatial locations of these
two phosphate factors are important information contained in
Raman images.

The surprising effect is that the fluorescence background is
almost constant across the entire Raman image, even though the
image is 100 scans wide. We attribute this effect to photon
migration [15-21]. Although photons are injected in a line along
the left side of each image, scattering causes them to diffuse
across the entire field of view, and even further. The propagation
time is a few tens of picoseconds and the attenuation over
100 pm is small enough that photobleaching efficiency is nearly
constant. If the tissue is dry, it is not necessary to prebleach at
every point to be imaged.

A similar effect is observed with bone tissue that is fixed
and embedded in polymethyl methacrylate. Using murine
cortical bone, we have confirmed that a 15-min prebleach is
effective in reducing fluorescence background over a
~300 um =100 um field of view. However, we were not able
to achieve similar results with tissue that was immersed. The
failure of the single line prebleach is expected because
immersion allows fluorophore replenishment, negating much
of the benefit of photon migration.

We conclude that photon migration can be used to reduce
prebleaching time to a surprisingly short value. The metho-
dology is not completely general, but is readily applicable to
archived specimens. In view of the demonstrated importance of
maintaining hydration of fresh bone in Raman biomechanical
studies, single line prebleaching cannot be recommended for
such applications.
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