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Effects of laser excitation wavelength and
optical mode on Raman spectra of human fresh
colon, pancreas, and prostate tissues
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Early cancer detection is the central and most important factor for allowing successful treatment and resultant positive long-
term patient outcomes. Recently, optical techniques have been applied to this purpose, although each has inherent

limitations. In particular, Raman spectroscopy applied in the pathological diagnosis of cancerous tissues has received increas-
ing attention, with the merit of being highly sensitive to the biochemical alterations in tissue compositions and applicable
in vivo. Nevertheless, its application has been impeded by the high background intensity, which masks the Raman signal of
biological molecules. In this work, the influence of laser excitation wavelength (785 vs. 830nm) and optical mode (single mode
vs. multimode) on the background intensity of fresh human tissues was studied. Based on the results, laser with 830nm
excitation demonstrated better background reduction than that with 785nm excitation for the same optical mode, but the
Raman signal intensity was conversely reduced, and the signal-to-noise ratio (SNR) not improved. In contrast, by comparing
single-mode and multimode 785 nm excitations, it was shown that the single-mode laser with its smaller beam waist and beam
propagation factor had better background reduction ability and an improvement of the SNRs. It is speculated that this
decrease in background intensity comes from the effect of the optical mode on the Mie scattering from the biological tissue.
High-quality spectra based on a careful selection of both laser excitation wavelength and optical mode will benefit Raman
measurements in further research focusing on spectral interpretation and histopathological correlation ultimately aimed
toward intraoperative applications. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Cancer is the second leading cause of mortality in the United
States, just behind heart disease.[1] Based on the current data
published by the American Cancer Society, there will be approx-
imately 1 666 000 new cancer cases and 586 000 cancer deaths
projected to occur in the United States in 2014.[2] Among all
these cases, colorectal cancer is the third leading cause of cancer
death in both men and women, whereas prostate cancer is the
most frequently diagnosed cancer in men.[3] In view of the cancer
prevalence in today’s population, early cancer detection is crucial
for allowing successful treatment and resultant positive long-term
patient outcomes. Traditionally, the pathologic assessment of a
resected tumor specimen relies on the judgment of the individual
pathologists, which, however, can result in inconsistency in diagno-
sis. Furthermore, the final histopathological report is generally not
available until many days after the performed surgical procedure.
Taking this into consideration, there is a definite need for the
development and/or application of highly sensitive, non-invasive
techniques capable of identifying and distinguishing more quickly
cancer-bearing tissues from non-cancer-bearing tissues. Such tech-
niques could then potentially serve as extremely important adjunct
methodologies to that of standard histopathological tissue analysis
for real-time cancer detection as it relates to the assessment of sur-
gical resection margins and the completeness of surgical resection
in both the operating room and the pathology department.
J. Raman Spectrosc. 2014, 45, 773–780
In recent years, Raman spectroscopy has emerged as a
technique that could potentially fulfill these requirements.[4–6]

Numerous studies have shown that Raman spectroscopy can be
a rapid and highly sensitive method for the detection of neoplas-
tic tissue.[7–23] Furthermore, according to the Raman selection
rule, water acts as a weak scatterer.[24–26] Because it does not
suffer from any severe water interference from biological tissues,
the technique is also readily applicable in vivo.[27] Finally, Raman
spectroscopy requires little sample preparation because of the
absence of any thickness restriction. Nevertheless, a widespread
application of Raman spectroscopy in cancer detection and in
the clinic in general has been hindered by some major drawbacks
among which the high biological variability of different tissues
and the great similarity of biological matter. Only recently could
Copyright © 2014 John Wiley & Sons, Ltd.
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these limitations be dealt with using advanced statistical
methods including principle component analysis, linear discrim-
ination analysis, and cluster analysis.[28–30] Another even more
serious problem comes from the presence of a strong back-
ground caused by tissue autofluorescence, which often masks
the weak Raman scattering signal. To overcome this problem,
different approaches have been explored on reducing tissue
autofluorescence to improve the signal-to-noise ratio (SNR)
including photolytic destruction of impurities,[31] use of excitation
wavelengths in the near-infrared range,[12,16–18] and time-resolved
detection.[32] However, among these methods, the latter two have
mainly found wider application.
Using longer excitation wavelengths effectively reduces

tissue autofluorescence background because there is less
energy to excite electronic transitions in molecules.[16–18]

However, it also decreases the Raman signal intensity as it is
inversely proportional to the fourth power of the excitation
wavelength. As a consequence, whether this method really
helps with the improvement of the SNR needs to be further
evaluated. In the case of time-resolved Raman spectroscopy,
the longer-lived fluorescence (~10�8 s)[33] is typically filtered
out from Raman scattering (~10�12 s)[34] by means of gated
charge-coupled device (CCD) cameras. However, because
accurate timing is difficult to be achieved on an ultrafast time
scale, this approach usually requires sophisticated and
expensive equipment.[22,32,35]

In this work, we investigate the combined effect of laser
excitation wavelength and optical mode on the signal quality of
Raman spectra from different fresh human tissues. Besides tissue
autofluorescence, other potential sources of background in
Raman spectra are examined. The effects of excitation
wavelengths and optical modes on reducing background inten-
sity are also discussed. The ultimate goal of this approach is to
obtain the highest quality Raman spectra needed to generate a
biochemical ‘fingerprint’[36] of neoplastic tissue as compared with
the adjacent normal tissue.
Experimental

Fresh tissue sampling

This study was approved by the Institutional Review Board (no.
2002H0089) of The Ohio State University Wexner Medical Center
(OSUWMC). All human tissue specimens (i.e. colon, pancreas, and
prostate; Fig. 1) utilized in this study were collected during a
routine autopsy performed by the Department of Pathology at
OSUWMC on an elderly man who had died from causes unrelated
to cancer. The choice of the three different tissues was made to
reflect some of the most prevalent cancer types in today’s
population. Without any need for additional tissue sectioning,
the time spent on collecting and cutting tissues was quite short
(~5min). The thickness of collected colon, pancreas, and prostate
specimens was typically 5–10mm. Immediately after collection,
tissue samples were brought to an adjacent laboratory for Raman
spectroscopic measurements. In order to avoid defect-induced
changes in the Raman spectra,[37] no fixation was used for any
collected tissue specimen.

Raman measurements

The two-in-one setup used for Raman spectroscopy was built by
coupling a Raman spectrometer (Dimension-P2, Lambda
wileyonlinelibrary.com/journal/jrs Copyright © 2014 John
Solutions, Waltham, MA) with either an optical microscope or
optical probes (Vector Raman Probe™, Lambda Solutions) as
shown schematically in Fig. 1. Diode laser sources [785 nm single
mode (785 SM) and multimode (785 MM), 830 nm multimode
(830 MM); average power at the sample: ~35mW] were used
for excitation. A matching fiber optic probe (785 or 830 nm)
was coupled to each laser source. Each probe contains a wave-
length-matched laser line filter for excitation and a long-pass
edge filter (785 nm RazorEdge® or 830 nm EdgeBasic™, Semrock,
Rochester, NY; λedge = 791.6 or 846 nm, ODabs> 6 for λ> 785 or
830 nm, diam. 25.4mm). The beam propagation factor (M2) for
the 785 SM, 785 MM, and 830 MM is 1.1, 1.6�2, and 2, respec-
tively. The bandwidths for the single-mode and multimode lasers
are 0.001 and 0.1 nm, respectively. The beam waist (W0) for the
multimode beam is 25–30μm, while the single-mode beam is
about 30 times smaller. Each probe was connected to a 33-fiber
array (50μm) coupled to the Dimension-P2 spectrometer by a
bundle-to-slit (50μm) configuration. The Raman scattering light
in the spectrometer was collected by a collimating lens (Nikon,
Melville, NY; f/1.8 85mm), passed through a second long-pass
edge filter (785 nm RazorEdge®, Semrock; diam. 50.8mm). The
collimated light was reflected on a gold-enhanced mirror (Ed-
mund Optics) and dispersed by a holographic reflection grating
(1800 grooves/mm, Optometrix, Ayer, MA). The dispersed light
was focused onto a back-illuminated, thermoelectrically cooled
CCD camera (Critical Link, Syracuse, NY; 128 × 1024 pixels,
24μm×24μmpixel size) with an f/1.8, 85mm lens (Nikon).
Spectra were collected using the RamanSoft™ acquisition soft-
ware (v. 1.4.2, Lambda Solutions). All Raman measurements were
performed using a backscattering geometry. For each investi-
gated tissue specimen, two representative spots were selected
out of a sampling of locations (n= 5–10): one yielding the best
SNR among all locations (referred hereafter to as ‘hot spot’) and
another chosen randomly (referred to as ‘random spot’). The
exposure time of the CCD was set to 2 s with 40 accumulations,
which gave an overall acquisition time of 80 s per spectra. A larger
number of accumulations were chosen to improve the SNR. Note
that the data reported in this paper were obtained for all tissues
over a 1-day time period to minimize experimental parameters.
However, over a period of 1 year, many replicate spectra from
multiple tissues and tissue types have been performed. Statistical
analysis has shown that SNR standard deviation remains small
such that the selection of one spectral data set per location is
sufficient and adequate.

Data processing

In order to correct for residual CCD etaloning and wavelength
sensitivity, a broadband spectrum was obtained with a calibra-
tion standard (LS-1-CAL tungsten halogen light source, Ocean
Optics, Dunedin, FL). The spectrum was then fitted by an
eighth-order polynomial function. The broadband spectrum was
normalized by dividing by the polynomial curve to obtain a set
of correction factors at each pixel. These factors were then
applied at each point of the raw Raman spectrum for etaloning
correction by an automatic etalon correction factor built into
RamanSoft™. The etaloning correction procedure was similar to
the one developed by Vickers et al. for noise removal[38]

and was performed with custom-built routines written in Origin
(v. 8.0, OriginLab, Northampton, MA) and MATLAB (v. 11.0,
MathWorks, Natick, MA) softwares. To correct for the intensity
(CCD wavelength sensitivity), the polynomial curve was
Wiley & Sons, Ltd. J. Raman Spectrosc. 2014, 45, 773–780



Figure 1. Block diagram of Dimension-P2 Raman spectrometer coupled with either microscope or probes. Photographs of human tissue specimens are
also shown (upper right).

Effects of laser excitation wavelength and optical mode on Raman spectra
normalized to unity by dividing through its maximum value, and
then, the etaloning-corrected spectrum was divided by the new
curve for intensity normalization. Note that the fiber optic and
the probe head were utilized for normalization as well such that
direct comparison between the different wavelength excitation
and the modes was feasible. The intensity correction procedure
was performed with custom-built routines written in MATLAB.

Additionally, because the Raman spectrometer is designed for
the 785 nm excitation, the Raman shift had to be recalculated
when applying the 830 nm excitation. Therefore, Raman spectra
obtained with the latter wavelength have a spectral cutoff above
2348 cm�1. The background signal present in the etaloning-
corrected and intensity-corrected Raman spectra was removed
by applying a set of baseline corrections over different spectral
regions of the 1024 data points. Seven to 11 points were applied
to draw the baselines depending on the spectra using the
manual baseline correction tool in RamanSoft™. Finally, the SNR
calculations were performed via custom-built routines developed
in MATLAB. An example of SNR calculations for the amide I band
(~1650 cm�1) can be found in the supporting information.
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Experimental results

Effect of wavelength

Figure 2 shows the comparison between the raw Raman spectra
obtained with two different excitation wavelengths but with the
same optical mode (785 MM and 830 MM) on hot and random
spots of colon, pancreas, and prostate tissue specimens. For each
tissue, the background-corrected Raman spectra over the finger-
print and amide I spectral regions (1200–1800 cm�1) are also
given (shown as insets in Fig. 2). As seen in the raw Raman spec-
tra of the colon tissue specimen [Fig. 2(a and b)], backgrounds
with 785 MM are approximately the same on the random and
hot spots, and 830 MM yields lower background signal than
785 MM on both spots. After background correction, the Raman
signals are found to be higher with 785 MM than with 830 MM
on both hot and random spots, although Raman intensities on
J. Raman Spectrosc. 2014, 45, 773–780 Copyright © 2014 John
the random spot are two to three times lower than those on
the hot spot. For the raw Raman spectra obtained from the pan-
creas tissue specimen [Fig. 2(c and d)], 830 MM also generated
lower backgrounds than 785 MM on both hot and random spots;
however, the signal intensity was lower on the random spot than
on the hot spot for 785 MM and, vice versa, for 830 MM. As for
the background-corrected spectra, the Raman signals are higher
on the hot spot than on the random spot, and 785 MM yields
higher Raman signals than 830 MM on both hot and random
spots. Finally, in the case of the prostate tissue specimen, the
raw Raman spectra [Fig. 2(e and f)] show slightly higher back-
grounds (~1.2–1.5 times) on the random spot than on the hot
spot. In addition, 830 MM yields lower background signals than
785 MM on both hot and random spots. Similar to the two other
tissues, the background-corrected Raman spectra exhibit higher
signals on the hot spot than on the random spot, especially with
785 MM.

Overall, the raw Raman spectra taken with 830 MM have lower
backgrounds than those with 785 MM. However, the Raman sig-
nals in the background-corrected spectra are also reduced by
using 830 MM as wavelength. The background intensities vary
from tissue to tissue on the hot and random spots, but the Raman
signal intensities are always higher on the hot spot regardless of
the wavelength, as expected. In order to better analyze the data,
a quantitative analysis was conducted by calculating the SNR
of the well-known amide I band at ~1650 cm�1 [Table S1
(supporting information)]. Between different wavelengths (but
same optical mode), one sees that for the colon tissue specimen,
the SNR with 785 MM is about 1.6 times higher than that with 830
MM on both hot and random spots (Table 1). For each wave-
length, however, the SNR on the hot spot is about 2.1 times
higher than that on the random spot. Similarly, for the pancreas
tissue specimen, the SNR with 785 MM is about 1.3 times higher
than that with 830 MM on both spots, whereas the SNR values for
both wavelengths are about 1.4 times higher on the hot spot
than on the random spot. Finally, with the prostate tissue, the
SNR with 785 MM is about 1.2 and 1.6 times higher than that with
830 MM on the hot and random spots, respectively. The SNRs
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 2. Raman spectra of tissue specimens with 785 MM and 830 MM. Colon, pancreas, and prostate (a, c, e) hot and (b, d, f) random spots.
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obtained with 785 MM and 830 MM on the hot spot are almost
identical with those on the random spot, respectively. Taken
together, these results indicate that (1) the hot spot yields higher
SNRs than the random spot, independent of the chosen
wavelength, and (2) the Raman spectra with 785 MM have higher
SNRs than those with 830 MM, regardless of the tissue type and
probing location.

Effect of optical mode

To assess the effect of optical mode on the Raman response of
biological tissues, Fig. 3 presents the raw Raman spectra obtained
with two different optical modes but with the same excitation
wavelength, 785 SM and 785 MM, on the same tissue specimens
previously used. The Raman band assignment of colon tissue
taken with 785 SM [Fig. S2 (supporting information)] is given in
wileyonlinelibrary.com/journal/jrs Copyright © 2014 John
Table S1. Again, for each tissue specimen, the raw and back-
ground-corrected Raman spectra (see insets of Fig. 3) are given
on both hot and random spots. For the colon tissue specimen,
the raw Raman spectra [Fig. 3(a and b)] show that the back-
ground intensities are much higher (up to approximately five
times) on the random spot than on the hot spot for both 785
SM and 785 MM. However, 785 SM yields slightly lower back-
grounds (~1.1–1.3 times less) than 785 MM on both hot and ran-
dom spots. As for the background-corrected Raman spectra, the
Raman signals with 785 SM and 785 MM are practically indistin-
guishable on both hot and random spots. In the case of the
pancreas tissue specimen, the raw Raman spectra exhibit back-
grounds with both 785 SM and 785 MM that are also higher on
the random spot than on the hot spot, although to a lesser extent
than with the colon tissue [Fig. 3(c and d)]. Moreover, 785 SM
yields lower backgrounds than 785 MM on both hot and random
Wiley & Sons, Ltd. J. Raman Spectrosc. 2014, 45, 773–780



Table 1. Raman signal-to-noise ratio of the amide I band
(~1650 cm�1) on the hot and random spots for different tissue
specimens

Tissue 785 SM 785 MM 785 MM 830 MM

Colon

Hot 97.9 87.0 1.1 76.6 48.0 1.6

Random 46.7 41.4 1.1 60.0 36.6 1.6

1.3 1.3 2.1 2.1

Pancreas

Hot 107.9 57.9 1.9 73.0 57.2 1.3

Random 93.6 36.2 2.6 53.9 42.1 1.3

1.4 1.4 1.2 1.6

Prostate

Hot 79.1 66.7 1.2 77.8 67.2 1.2

Random 70.3 63.7 1.1 71.2 45.2 1.6

1.1 1.5 1.1 1.0

SM, single mode; MM, multimode.

Effects of laser excitation wavelength and optical mode on Raman spectra

7
7
7

spots. In the background-corrected Raman spectra, the Raman
signals are clearly higher on the hot spot than on the random
spot, but the Raman signals with 785 SM and 785 MM have prac-
tically equal intensities on both hot and random spots. Finally,
with the prostate tissue specimen, the raw Raman spectra show
approximately equal background levels for 785 MM on the
random and hot spots [Fig. 3(e and f)]. In contrast, for 785 SM,
the background signal is lower on the random spot (by about a
factor 1.5) compared with the hot spot. Also, 785 SM yields lower
backgrounds than 785 MM but only on the random spot; on the
hot spot, backgrounds are nearly identical for 785 SM and 785
MM, except at lower wavenumbers (<1000 cm�1). As for the
background-corrected Raman spectra, the Raman signals are
slightly higher on the random spot compared with the hot spot.
In addition, the Raman signals with 785 SM and 785 MM are of
equal intensities on the hot spot.

Overall, the raw Raman spectra with 785 SM have lower
backgrounds than those with 785 MM, although the decrease is
less pronounced than the one observed between different wave-
lengths (Fig. 2). The background-corrected Raman signals are
nearly equal in intensity for both modes. Like in Fig. 2, the back-
ground levels vary from tissue to tissue on the hot and random
spots. From the quantitative analysis, the SNR from the colon tis-
sue with 785 SM is about 1.1 times higher than that with 785 MM
on both hot and random spots (Table 1). For the same optical
mode, the SNR on the hot spot is about 1.3 times higher than that
on the random spot. In the case of the pancreas tissue specimen,
the optical mode effect is more pronounced with SNR values
using 785 SM, about 1.9 and 2.6 times higher than with 785
MM on the hot spot and random spot, respectively. The SNR
values with 785 SM and 785 MM on the hot spot are comparable,
being about 1.4 times higher, than on the random spot. Finally,
with the prostate tissue, the SNR with 785 SM is about 1.2 and
1.1 times higher than that with 785 MM on the hot and random
spots, respectively. Like the two other tissues, for the same
optical mode, the SNR values remain almost unchanged between
hot and random spots (~1.3 times higher on average). Based on
this analysis, the hot spot yields comparable or higher SNRs than
the random spot. Furthermore, regardless of tissue type, it
seems that choosing 785 SM over 785 MM not only reduces the
background but also improves the SNR.
J. Raman Spectrosc. 2014, 45, 773–780 Copyright © 2014 John
Discussion

As mentioned earlier, the widespread clinical use of Raman spec-
troscopy, particularly in cancer detection, has been impeded by
some major drawbacks among which the presence of tissue au-
tofluorescence. Because most biological molecules have a large
number of carbonyl groups and aromatic ring structures, these
can act as endogenous fluorophores when excited in the visible
wavelength range (typically, in the range of 200–500 nm[39]).
Fluorescence then occurs as a result of electrons relaxing back
from an excited state to the ground state and competes against
Raman scattering. Additionally, the cross sections for fluores-
cence and Rayleigh scattering are 10�16 and 10�26 cm2,[40]

respectively, whereas that for Raman scattering is smaller yet
with 10�29 cm2,[41] thus making tissue autofluorescence more
likely to occur than Raman scattering. Besides autofluorescence,
the potential risk of induced tissue photodamage also somewhat
prohibits the extensive use (e.g. too long exposure times) of
shorter wavelengths on biological tissues.

The choice of longer excitation wavelengths (>700 nm) thus
constitutes an obvious option when it comes to reducing the
background signal due to tissue autofluorescence because they
are less energetic and thus less susceptible to excite electronic
transitions in fluorophores. For instance, 830 and 1064 nm excita-
tion wavelengths have commonly been used as substitutes for
785 nm.[12,16–18] Similarly, it was shown in the previous section
that the backgrounds observed with 830 MM are lower than
those obtained with 785 MM, regardless of the tissue type and
probing location on the tissue. Unfortunately, because the Raman
signal intensity is inversely proportional to the laser excitation
wavelength,[42] 830 MM also reduces the Raman signals
compared with 785 MM. Hence, although 830 MM demonstrates
better autofluorescence reduction than 785 MM, the SNRs are not
improved in spectra taken with 830 MM (Table 1). Therefore,
applying longer excitation wavelength for improving SNR is not
so advantageous on account of substantial reduction in Raman
signal intensity.

If autofluorescence is the only source responsible for the back-
ground, then single-mode and multimode lasers should have
similar background intensity; however, results presented above
showed that this is not the case. There must be some other
contributions to the background besides autofluorescence. One
of these sources could be the scattering generated by the
inhomogeneity in the tissue structures. Depending on the size
of these structures relative to the excitation wavelength, one of
two types of scattering can occur, namely Rayleigh (and Raman)
and Mie scatterings. The sizes of some structures including mem-
branes, cellular subcompartments, and ultrastructure of collagen
fibrils are beyond the range of the currently used excitation
wavelengths. Here, Rayleigh scattering and its related process,
Raman scattering, take place. However, sizes of most compo-
nents are close to or larger than both 785 and 830 nm laser exci-
tation wavelengths. As a consequence, Mie scattering occurs
instead of Rayleigh scattering. The intensity of the Mie scattering
is defined as[43]

I θð Þ ¼ I0
π a2Qsp θð Þ

4 π r2
(1)

where a is the size of the scatterer, Qs is the scattering efficiency,
p(θ) is the normalized phase function, and r is the distance
between the scatterer and the observer. As seen in Eqn 1, Mie
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 3. Raman spectra of tissue specimens with 785 SM and 785 MM. Colon, pancreas, and prostate (a, c, e) hot and (b, d, f) random spots.

Table 2. Beam propagation factor (M2), beam waist (W0), and
divergence angle (ϑ) of 785 SM, 785 MM, and 830 MM

Beam parameter 785 SM 785 MM 830 MM

M2 1.1 1.6–2.0 2.0

W0 (μm) 0.8–1.0 25–30 25–30

ϑ (°) 63.0–73.2 3.1–4.6 4.0–4.9

SM, single mode; MM, multimode.
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scattering is size dependent but insensitive to the excitation
wavelength. Consequently, 830 MM does not help in reducing
the background arising from Mie scattering.
For example, mitochondrion, an important cellular organelle

whose function is to furnish energy to the cell, has a characteris-
tic size that varies between 0.5 and 2μm in diameter, depending
on the cell type. This organelle is enclosed by a lipid bilayer and
has additional lipid bilayers that separate different internal com-
partments. Because of this dramatic optical contrast with their
surroundings, mitochondria act as a dominant Mie scattering
source. Other organelles giving rise to Mie scattering include
lysosomes, peroxisomes (0.25–0.5μm in diameter) secreted by
the endoplasmic reticulum and Golgi apparatus, and the largest
cellular organelle, the cell nucleus (4–6μm in diameter).[44] The
cross section for Mie scattering in biological tissue is quite large
(~10�16 cm2) and within the range of that of fluorescence
wileyonlinelibrary.com/journal/jrs Copyright © 2014 John
(10�26
–10�8 cm2).[41,42] In addition, because of the heteroge-

neous nature of biological tissues, which can be regarded as ‘tur-
bid media’,[45] light propagation here cannot simply be described
by assuming isolated, non-interacting scatterers, where scattering
fields do not interfere with each other. Therefore, one should
Wiley & Sons, Ltd. J. Raman Spectrosc. 2014, 45, 773–780



Figure 4. Sketch of the beam profiles of 785 SM (solid line), 785 MM (dashed line), and 830 MM (dotted line). W0 and ϑ refer here to the beam waist
and divergence angle, respectively.
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rather view the Mie scattering in biological tissue more as a
‘multiple Mie scattering’. Hence, a plausible mechanism that
could explain the contribution of Mie scattering to the back-
ground intensity could be that the Mie response, which is
backscattered in many angular directions, cannot be completely
filtered out. The reason for this is that the interference filters
used to block the elastic scattering are not as efficient when
light enters at any angle other than normal to the filter surface,
such that part of this scattering could make its way into the
monochromator. Once inside the monochromator, multiple in-
put angles also give rise to signal that shows up as different
wavelength contributions.

Another possible explanation for the difference in background
intensity could come from the beam profile of the different light
sources. For a real, non-diffraction-limited beam, the divergence
angle is given by

ϑ ¼ M2 4λ
πW0

(2)

where W0 is the beam waist and M2 is the beam propagation
factor, which is used to determine how much the laser beam
angle departs from its theoretical value.[46–48] The beam propaga-
tion factor, beam waist, and divergence angle of 785 SM, 785
MM, and 830 MM are summarized in Table 2. Based on these
parameters, the beam profiles of 785 SM, 785 MM, and 830 MM
are sketched schematically in Fig. 4.

When comparing the different modes with the same 785 nm
excitation wavelength, 785 MM has a larger beam waist but less
beam divergence than 785 SM. Despite this large difference in
beam waist, Raman signals with 785 SM and 785 MM are nearly
equal. This is because the laser power and, in turn, the number
of photons incident on the tissue surface with 785 SM and 785
MM are equal. Because the beam waist of 785 MM is larger than
that of 785 SM, more area is illuminated by the former, resulting
in more background due to Mie scattering.
J. Raman Spectrosc. 2014, 45, 773–780 Copyright © 2014 John
From the comparison between different excitation wave-
lengths with the same optical mode, 830 MM has a larger
divergence angle than 785 MM (Table 2). As a consequence,
830 MM yields more Mie scattering than 785 MM. However,
because the difference in the divergence angle between 785
MM and 830 MM is negligible, the increase in Mie scattering
background with 830 MM should be insignificant. Furthermore,
as discussed earlier, 830 MM reduced the tissue autofluores-
cence; therefore, an increase in Mie scattering should not be a
major issue when applying 830 MM excitation.
Conclusions

The results obtained in this study demonstrate that the high
background intensity in the Raman spectra of fresh tissue can
be reduced following two possible approaches. The first and
already known approach consists in applying longer excitation
wavelengths, preferably closer to the near-infrared range. The ef-
fect of the excitation wavelength on the background signal was
clearly demonstrated by comparing between 785 MM and 830
MM. However, a well-known drawback of this approach is that
the Raman signal and the SNR are concomitantly reduced.
Another, perhaps, less studied approach, based on the selection
of the laser optical mode (single mode vs. multimode), has been
shown to reduce part of the background possibly due to Mie
scattering. A comparison of 785 SM and 785 MM has revealed
that single-mode source not only reduces the background
intensity but also improves the SNR. Taken together, these results
suggest that an improvement of fresh tissue Raman spectra qual-
ity could come from the careful selection of both laser excitation
wavelength and optical mode. The outcome of this study will
certainly help in the application of Raman mapping of fresh
biological tissues and in the use of statistical analysis algorithms
enabling the identification of potential tissue-specific and/or
oncogenic biomarkers.[49]
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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