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Review of Fluorescence Suppression Techniques
in Raman Spectroscopy

DONG WEI, SHUO CHEN, AND QUAN LIU

School of Chemical and Biomedical Engineering, Nanyang Technological
University, Singapore

Abstract: Raman spectroscopy is an important and powerful technique for analyzing
the chemical composition of biological or nonbiological samples in many fields. A
serious challenge frequently encountered in Raman measurements arises from the
existence of the concurrent fluorescence background. The fluorescence intensity is
normally several orders of magnitude larger than the Raman scattering signal,
especially in biological samples. Such fluorescence background must be suppressed in
order to obtain accurate Raman spectra. Several different techniques have been
explored for this purpose. These techniques could be generally grouped into time-
domain, frequency-domain, wavelength-domain, and computational methods in
addition to various Raman enhancement techniques and other unconventional
methods. This review briefly describes the fundamental principles of each group of
methods, reports the most recent advances, and makes comparison across those major
categories of techniques in terms of cost and performance in a hope to guide
interested readers to select proper methods for specific applications.

Keywords: Raman spectroscopy, fluorescence suppression, time-domain optical
methods, frequency-domain optical methods, wavelength-domain optical methods,
computational methods for fluorescence background removal

Introduction

Raman spectroscopy relies on the inelastic scattering of a sample upon light radiation,
which can be utilized to detect vibrational, rotational, and low-frequency modes in a sys-
tem (1, 2). It is a very important tool to investigate the property changes of materials,
such as phase transitions (3), polymorphs (4), and crystallinity (5). Because of its nonin-
vasiveness and high chemical specificity, this technique is also ideal for the characteriza-
tion of biological samples. For example, Raman spectroscopy has been explored in cell
studies (6-8), tropical disease diagnosis (9, 10), cancer diagnosis (11-13), dentistry (14),
etc. Raman spectroscopy has many advantages over other common analytical techniques,
including high spatial resolution, less harmful near-infrared radiation, minimum sample
preparation, reduced influence of water bands, and high chemical sensitivity, which allow
both in vitro and in vivo analyses (15). Moreover, Raman spectroscopy can be used to
study solid, liquid, and gaseous samples.

However, a serious problem in most applications of Raman spectroscopy is the strong
fluorescence background, which is partially attributed to the low cross section of Raman
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scattering. Many Raman active molecules also exhibit fluorescence upon excitation in
conventional Raman spectroscopy, which can be frequently encountered in a complex
sample. Moreover, fluorescence photons could induce a strong background and also raise
the overall shot noises (16), masking much weaker Raman signals. In contrast to the
weak Raman signal, strong fluorescence background renders Raman spectral acquisition
difficult and results in long acquisition time.

Fluorescence occurs concurrently with Stokes Raman scattering upon laser excitation
because the red-shifted Stokes Raman scattering would spectrally overlap with fluores-
cence emission. The fluorescence problem does not exist for anti-Stokes Raman scatter-
ing because anti-Stokes Raman scattering is blue shifted compared to the excitation
wavelength and thus is naturally separated from fluorescence in the spectrum. The fluo-
rescence background problem is more serious when visible light is used for excitation.
The strong fluorescence signal in Raman spectroscopy directly affects the accuracy and
sensitivity of Raman measurements. In the past decade, a variety of hardware- and soft-
ware-based methods have been proposed for quenching fluorescence background and
enhancing weak Raman signals. One simple method is to use near-infrared wavelength
light as the excitation source, in which case the excitation energy is generally insufficient
to excite strong fluorescence. Thus, the molecules will emit less fluorescence compared
to the case of using excitation light at a shorter wavelength (17). However, this method is
less effective in biological samples, in which more sophisticated methods have been
explored. In this review article, the major categories of experimental methods for fluores-
cence suppression are described in detail and major algorithms for the same purpose are
briefly introduced. The potential future directions of development in fluorescence sup-
pression techniques are discussed at the end.

Major Categories of Methods for Fluorescence Suppression

Fluorescence and spontaneous Raman signals overlap in the wavelength dimension and
thus cannot be separated using simple optical filters. Fortunately, they differ from each
other in the following properties, which form the bases of many methods for fluorescence
suppression in Raman measurements:

1. The lifetime of fluorescence emission (on the order of nanoseconds) is much lon-
ger than that of Raman scattering (on the order of picoseconds). This principle
yields various time-domain methods in which an ultrafast pulse laser is used for
excitation (18-20).

2. The difference in lifetime between fluorescence and Raman signals could be
translated into a larger phase delay and amplitude demodulation in fluorescence
compared to Raman signals when the excitation light is modulated at a high fre-
quency. This principle is the basis for all frequency-domain methods (21-23).

3. The wavelength of a Raman peak changes with the excitation wavelength,
whereas the much broader fluorescence peak is insensitive to the excitation wave-
length. This property has led to various wavelength-domain methods such as
shifted excitation Raman difference spectroscopy (SERDS) (15, 24).

4. Raman peaks are much narrower in bandwidth than fluorescence peaks. This
property leads to various algorithm-based baseline correction methods for fluores-
cence background removal after data acquisition (25-29).

5. Fluorescence background will be efficiently quenched and the Raman signal will
be dramatically enhanced when a molecule is in direct contact with the metal
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nanoparticles. This fact has resulted in the rapid development of surface-enhanced
Raman spectroscopy (SERS) (30, 31). SERS could enhance or deteriorate fluores-
cence emission intensity by interaction between fluorophore and metal nanopar-
ticles (NPs), depending on the shape of NPs, the orientation of the fluorophore’s
molecular dipolar moment, and the fluorophore emission spectrum overlapping
with the spectrum of NPs’ surface plasma resonance (32).

6. The Raman signal can be greatly enhanced to dominate over fluorescence when
the frequency of the excitation light is close to the electronic transition of the mol-
ecule. This phenomenon is due to the spectroscopic selection rule of Raman spec-
troscopy, which leads to resonance Raman spectroscopy (33-35). Some nonlinear
techniques such as coherent anti-Stokes Raman spectroscopy (36) and stimulated
Raman spectroscopy (SRS) (37) can also dramatically enhance Raman signals
while minimizing the fraction of detected background fluorescence.

7. Other methods used to suppress fluorescence include polarization gating (38),
sampling optics and geometries (39, 40), photobleaching (41, 42), etc.

This review will focus on methods in categories 1 through 4 as well as 7 for sponta-
neous Raman spectroscopy. For the rest of methods, readers are referred to the respective
review papers in the literature given above.

Time-Domain Methods

Time-domain techniques require ultrashort laser pulses (2, 43). This category of methods
takes advantage of the different response of Raman scattering and fluorescence back-
ground signal in the timescale (44) in which fluorescence has a much longer lifetime
(approximately hundreds of picoseconds to a few nanoseconds) than the Raman signal
(picoseconds to femtoseconds). It should be noted that laser pulses should not be too short
because pulses shorter than 1 ps are less monochromatic, which will result in serious loss
of spectral resolution. The quickly arriving Raman scattered light from late-arriving fluo-
rescence emission of a sample excited by ultrafast optical pulse trains could be temporally
separated.

Figure 1 illustrates the temporal profile of the excitation laser pulse, emitted Raman
scattering signal, and emitted fluorescence. The fluorescence process consists of three
important steps according to a Jablonski diagram (2), in terms of excitation, internal con-
version, and emission, each of which occurs at a different timescale (2). Firstly, the exci-
tation of fluorophore molecules by incoming photons occurs on the order of
femtoseconds (10™'> seconds). Secondly, the nonradiative internal conversion process
through vibrational relaxation is also very fast, between 10~'* and 10~'" s. Finally, fluo-
rescence emission is a slow process occurring on the order of 107 to 10~ s. The fluores-
cence lifetime refers to the average time the molecule stays on its excited state before
emitting a fluorescence photon. The exponential decay curve shown in Figure 1 illustrates
the statistical distribution of time taken for fluorescence emission. The fluorescence tem-
poral profile I(t) could be fitted to an exponential function a lifetime constant t for a sin-
gle fluorophore, according to I(t) o e ~U", whereas the Raman emission occurs nearly
simultaneously with the excitation laser light. Because the Raman signal is emitted much
faster than fluorescence, a well-chosen temporal gate with an appropriate gate width will
be able to detect Raman signals while minimizing the fluorescence contribution in
principle.
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Figure 1. Temporal profile of the excitation laser pulse, emitted Raman scattering signal, and emit-
ted fluorescence. The fluorescence intensity decays exponentially with its lifetime, whereas the
Raman emission occurs nearly simultaneously with the excitation laser pulse.

A variety of time-domain methods have been established, which can be based on the
Kerr gate (45), photomultiplier tubes (46), intensified charge-coupled device cameras
(47, 48), complementary metal oxide semiconductor (CMOS) detectors (16), and streak
cameras (49). These representative methods will be described in this following.

A useful technique removes fluorescence from a Raman signal with an optically
driven Kerr gate (45, 50, 51). A Kerr gate is composed of a nonlinear Kerr medium
between two crossed polarizers. The nonlinear interaction of the Kerr medium with a
high-energy gating laser pulse induces a transient anisotropy due to the optical Kerr
effect, which allows any incident linearly polarized light to rotate its polarization by 90°.
By synchronizing the gating laser pulse with the excitation laser for Raman measure-
ments, Raman light can pass through the cross-polarizer because the Kerr medium acts as
a half-wave plate and the polarization of the Raman light is rotated by 90°. But fluores-
cence, which has a longer lifetime and thus is not synchronized with the gating laser
pulse, is efficiently blocked between two crossed polarizers. An effective Kerr gate
should possess a fast gating time and high transmission for Raman light.

Picosecond time-domain Raman spectroscopy technique with a Kerr gate could
experimentally achieve fluorescence rejection in measured Raman spectra. The Kerr gate
had a response time of around 3 ps when driven by 10 wJ, 1 ps excitation pulses at a
wavelength of 800 nm and a repetition frequency of 0.65 KHz (45). However, due to the
incomplete polarization rotation in the Kerr medium and losses in optical elements, the
optical transmittances of the Kerr gate in the open and closed state were only 15 and
0.005%, respectively. Matousek et al. (50) reported an improved Kerr gate with opti-
mized polarizers, which showed a 4-ps gate open time when operated under 1 ps pulse
laser with 1 kHz overall repetition rate. The throughput in the open state was improved
up to ~40% and the extinction ratio between the open and closed state was boosted to

10°. As the result of more efficient gating, the overall transmission and the collection effi-
ciency of Raman light reached up to 1.6 times and 1.7 times, respectively, relative to
their earlier results (45). Using Kerr-gated picosecond time-resolved Raman spectros-
copy, light penetration through an equine cortical bone tissue to reach a depth of 0.3 mm
was shown to be feasible with 1-ps pulsed laser excitation at a wavelength of 400 nm and
a frequency of 1 kHz (51). However, the Kerr gate method has not found widespread use
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in the investigation of biological samples due to the need for excessively high-energy
pulsed light sources, increasing photo-induced damage risk (47).

Another time-domain method is to directly utilize an ultrafast time-gated detector for
Raman detection to suppress fluorescence (47-49). There are two key parameters for this
method. One is a short gate width and the other is a sufficiently high repetition rate to
maintain an acceptable detector duty cycle (52). With a proper time gate, typically on the
order of a few hundred picoseconds, Raman signals could be detected efficiently while
fluorescence is largely suppressed as described below, where a photomultiplier tube, an
intensified charge-coupled device (CCD) camera, or a CMOS single-photon avalanche
detector (SPAD) served as the time-gated detector.

In order to reject background fluorescence, a single photon counting technique using
a single-channel gated detector has been implemented with short-duration (~5 ps), highly
repetitive rate (~82 MHz) pulsed laser and a microchannel plate—type photomultiplier
(with a time gate width of 31 ps), which was used to suppress fluorescence from a sample
of rhodamine 6G in ethanol (46). The signal-to-noise ratio of the Raman signal and
Raman-to-fluorescence intensity ratio were dramatically improved by factors of 4.2 and
129, respectively, compared to the case of without gating. Another Raman system whose
cost was relatively low included a pulsed diode laser with 6.4 kHz repetition rate and
900 ps pulse width and a photomultiplier tube for time-resolved photon counting (53).
This system demonstrated that the signal-to-noise ratio for a neat benzene sample doped
with rhodamine 6G at a concentration of 10~* M was approximately improved by 15-fold
when a short gate width (0.7 ns) was used in time-resolved photon counting relative to a
long one (25 ns).

Gated single-channel detectors, such as photomultipliers and photodiodes, have been
gradually replaced by two-dimensional (2D) detector arrays such as the intensified charge
coupled device camera, CMOS detectors, and streak cameras to improve spectral quality.
These 2D arrays enable the simultaneous acquisition of a few Raman bands each time,
resulting in more efficient measurements of the whole spectrum (16).

Martyshkin et al. (47) utilized a mode-locked laser together with an intensified CCD
camera to effectively perform time-gated suppression of fluorescence from hexabenzo-
coronene and long-lived fluorophore from Nd>" impurity. When the time-gated detector
was switched on after an appropriate time delay, it was possible to effectively discrimi-
nate Raman photons originating from different depths (19). The intensified gated CCD
camera was operated at 110 MHz repetition rate and a temporal gate width of about
150 ps under 785-nm pulsed laser excitation that had a 76-MHz repetition rate and 2-ps
pulse duration. In another study, a pulsed 532-nm laser excitation source and an electronic
gate CCD detector synchronized with the laser were used to suppress impurity-induced
and stress-induced fluorescence in diamond (20). The system allowed the suppression of
undesired incandescent radiation that showed up as wide and spectrally continuous light
by a factor of up to 50,000 and acquired Raman signals at a temperature above 5000 K
and a high pressure near 150 GPa.

Furthermore, the CMOS SPAD with a gate time width shorter than 100 ps has been
used to reduce the fluorescence background on olive oil samples (16). The CMOS SPAD
is a 2D array, and its time gate is very short (less than 100 ps). However, this technique
has two limitations. One is that the CMOS SPAD detector has only modest photon detec-
tion efficiency, and the other is its low fill factor, which could affect the SPAD’s sensitiv-
ity and capability to effectively capture Raman photons, especially in the near-infrared
region (16). Alternatively, a picosecond pulsed laser together with a streak camera is
another choice to reject fluorescence in the time domain (49). The advantages of using a
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streak camera include its high time resolution as short as 10 ps, making deconvolution
unnecessary, and two-dimensional capability, allowing for multichannel detection. The
latter advantage enables the gated detection to be performed simultaneously at multiple
wavelengths, which greatly reduces measurement time and reduces the complexity of the
detection system. Using this approach, an improved Raman-to-fluorescence intensity ratio
of 281 was achieved in the measurement of a solution mixing benzene and rhodamine 640
fluorophore. Comparing all of the above-mentioned 2D detector arrays including the
gated CCD, CMOS, and streak camera, the CMOS camera has an advantage in cost com-
pared to the CCD (54) and streak camera (55); furthermore, CMOS offers advantages in
integration, power dissipation, and system size compared to the CCD (54). However, the
CCD and streak camera offer superior image quality and high signal-to-noise ratio for
photon detection in the near-infrared region at the expense of the camera size, compared
to a highly integrated CMOS camera (56).

Frequency-Domain Methods

The second category of methods for suppressing fluorescence in Raman measurements is
the frequency-domain method (21-23, 57), which is sometimes called the phase-modula-
tion method (2). The time-domain and frequency-domain methods are related to each
other by the Fourier transform. Furthermore, the frequency-domain methods could mea-
sure fluorescence lifetime at the same time while reducing the fluorescence. There are
two common types of frequency-domain methods. One is frequency domain demodula-
tion (57) and the other is frequency-domain phase nulling (22, 23, 58, 59). Both types of
methods can be used to suppress fluorescence in Raman measurements.

The principle of the frequency domain demodulation method is rooted in the differ-
ent behaviors in the response between fluorescence and Raman scattering under high-fre-
quency modulation. When a high-frequency sinusoidal waveform is used for excitation,
fluorescence that behaves like a low-pass filter cannot follow the high-frequency modula-
tion, resulting in amplitude demodulation and phase shift relative to the excitation light.
In comparison, Raman scattering can instantaneously follow the high-frequency modula-
tion of the excitation light. The Raman and fluorescence signals that were collected by a
photomultiplier detector in combination with a microwave spectrum analyzer can be dis-
criminated by extracting the high-frequency (mostly Raman) or low-frequency (mostly
fluorescence) components from the output of the detector. Therefore, the approach of the
frequency domain demodulation method can be employed to resolve the sample’s scatter-
ing contribution while minimizing the interference from fluorescence (57). Bright and
Hieftje demonstrated that strong fluorescence ground from rhodamine 6G could be sup-
pressed from Raman signals using the frequency-domain demodulation method. The
long-lived fluorescence with a lifetime of 3.6 ns was demodulated using a modulation fre-
quency at 328 MHz while the Raman scattering was strongly modulated. As a result, the
fluorescence was rejected by a factor of 7 (57).

The other type of frequency-domain methods—that is, frequency-domain phase nul-
ling—will be described in detail in the following. In a general frequency-domain phase-
nulling setup (Figure 2) (60), a sample is illuminated with sinusoidally modulated light at
an angular frequency w produced by a function generator built in a gain-modulated image
intensifier. The resulting Raman/fluorescence signal that passes through a dichroic mirror
and a long-pass filter is modulated at the same angular frequency but with different time
delays, which is detected by a gain-modulated image intensifier with the same modulation
frequency w and a detector coupled to the intensifier. The phase delay between the laser
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Figure 2. General schematic of a frequency-domain phase-nulling system for fluorescence suppres-
sion. Red and orange solid lines represent the flow of optical signals; black dashed lines represent
the flow of electronic signals.

modulation and the gain modulation of the image intensifier can be set electronically by
the phase-delay generator.

At different phase delays, a series of images including the contributions of both fluo-
rescence and Raman emission are taken. For fluorescence alone, the modulation depth m
and phase shift sz compared to the excitation light are related to the fluorescence lifetime
7, assuming a single fluorophore, in the following manner mathematically (2):

m= ; and iy = tan(wr). (D

V 1+ o??

The phase shift yiz developed between the fluorescence and laser excitation and the
modulation depth m in the time domain are illustrated in Figure 3. Fluorescence lags
behind the excitation light while the Raman signal is almost in phase with the excitation
light. In addition, the modulation depth of the Raman signal is nearly identical to that of
the excitation light because the extremely short lifetime of Raman scattering determines
its modulation depth close to 1 according to Eq. (1). Supposing that a two-component
sample consists of a Raman scatterer and a single fluorophore, the resulting frequency-
domain intensity I({y, 4) can be expressed as (61):

I("L’Dv /1) = F(/l)memeCOS(L"’D - '\L’F) + R(/l)memeCOS(lbD - LI’R)? (2)

where Ui, is the phase angle generated by the phase-delay generator; F(1) and R(4) are the
fluorescence spectrum and Raman spectrum, respectively; {i; is the phase shift for the
Raman signal, which is approximately zero; mey is the modulation depth of the excitation
laser; and mg and mg are the modulation depthsof the fluorescence and Raman signals,
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Figure 3. In the frequency-domain method where the excitation light is modulated, considerable
phase shift and modulation depth change can be observed between fluorescence emission (black
dashed line) and excitation light (blue solid line), whereas there is only a negligible phase shift and
very small modulation depth change between Raman scattering (red dashed line) and excitation
light (blue solid line). The horizontal arrow “— shows the phase shift between the excitation light
and fluorescence emission, and the vertical arrow “4” indicates the decrease in modulation depth
from the excitation light to fluorescence emission.

respectively. Note that the latter modulation depth is approximately equal to 1 due to the
extremely short lifetime of Raman scattering.

The fluorescence may be suppressed by setting the phase angle i, equal to Ysg = 90°
to null the fluorescence signal. The resulting signal becomes

[(Yp, )= RA)memgsin(Pp — dg), 3

which indicates that the detected signal is only proportional to the Raman contribution.

The frequency-domain phase-nulling method, which was frequently used to measure
phase shift and modulation depth to resolve the components of fluorescence species in a
mixture based on known decay times, can be used to suppress fluorescence as shown in
Eq. (3). The Raman and fluorescence signals from the sample can be detected separately
with a lock-in amplifier also known as a phase-sensitive detector by setting an appropriate
phase delay. The phase-sensitive detector essentially implements Eq. (3) in a single unit.
When the detector is set as out of phase (90°) with respect to the fluorescence emission,
fluorescence is totally suppressed in theory. In this manner, the fluorescence-free signal is
obtained with a minimal decrease in the Raman signal (22, 23). Furthermore, the analysis
of measured phase-sensitive data using a nonlinear least-squares algorithm could yield
the fractional intensities and lifetimes of individual fluorescence species in the mixture
(62).

For a sample with two components each having a different lifetime, the phase-
resolved background suppression technique, which is essentially one of frequency-
domain methods, could totally suppress fluorescence from one component and partially
attenuate the other by use of a phase-sensitive detector. For example, Demas and Keller
used a phase-sensitive detector and an excitation light source modulated at 40 MHz to
separate the Raman signal of water from rhodamine 6G fluorescence with a lifetime of
3 ns (22). In the same study, by adding a lock-in amplifier, luminescence from [Ru
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(bpy)s)* " with a longer lifetime of 350 ns can also be separated from water Raman scat-
tering or thodamine fluorescence (22). Wirth and Chou (23) compared the frequency- and
time-domain methods for quenching fluorescence from Raman spectra. By operating at a
high modulation frequency of 329 MHz, the frequency domain method could enhance
the Raman signals value by 200 times and significantly improve the performance in fluo-
rescence suppression. In comparison, the time-domain method can only achieve lower
fluorescence rejection in the study. However, the frequency modulation method required
a quite complicated system for fluorescence suppression and could not easily reduce the
statistical noise. Furthermore, the frequency modulation method did not work well for
separating fluorescence from a Raman spectrum over a large spectral range (23). Rus-
ciano et al. described a new technique that removed the fluorescence background from
Raman spectra. The high-frequency modulation of the analyzed sample was combined
with a phase-sensitive photomultiplier that could shift phase by 90° (58, 59). A mono-
chromator was coupled to the photomultiplier in order to obtain the full spectrum but the
spectral acquisition is slow because only the data at one wavenumber can be acquired a
time with the single-channel photomultiplier tube (59).

Wavelength-Domain Methods

By Kasha’s theory (63), the wavelength of a Raman peak closely follows the wavelength
of the excitation source, whereas the fluorescence peak wavelength does not vary signifi-
cantly with the excitation wavelength. The wavelength-domain methods take advantage
of this theory to enhance very weak Raman signals dominated by fluorescence while
removing the fluorescence (64). Common wavelength-domain methods include SERDS,
wavelength-modulated Raman spectroscopy, and subtracted shifted Raman spectroscopy
(SSRS).

SERDS (15, 24) requires an excitation laser source with at least two different narrow
emission lines spectrally separated (65). The resulting spectrum is the difference between
the two Raman spectra excited by two slightly shifted laser lines. Because the fluores-
cence spectrum is insensitive to the slight shift in the excitation laser wavelength, the con-
tribution of fluorescence in the resulting difference spectrum is canceled out by the
differentiation. The raw difference spectra obtained by SERDS are not ready for routine
spectral analysis. To retrieve the actual Raman spectrum, several mathematical methods
can be used to reconstruct a normal Raman spectrum from the raw difference spectrum,
such as band fitting (24), the deconvolution procedure (65, 66), and principal component
analysis (67). All of these algorithms yield a Raman spectrum with improved spectral
quality compared to the raw difference spectrum while significantly suppressing fluores-
cence background. The SERDS method offers several distinct advantages such as
improved signal-to-noise ratio and shortened data acquisition (16). Additionally, strong
fluorescence background as well as other sources of systematic or random noises can be
effectively removed.

For SERDS, a laser source is required to produce at least two slightly shifted excita-
tion wavelengths and the spectral separation between these two excitation wavelengths is
around 10 cm ™! or smaller, which is similar to the full-width at half-maximum of Raman
bands in most solid and liquid samples. In one SERDS system, a compact diode laser
with two semiconductor gain media in separate laser cavities using two reflection Bragg
gratings was used to achieve two laser wavelengths at 670.0 and 671.6 nm (68). Another
compact microsystem with a 488-nm laser source, emitting at 487.61 and 487.91 nm by
tuning the temperature, was utilized to obtain the Raman spectra of polystyrene sample
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using the method of shifted excitation resonance Raman difference spectroscopy, which
was based on the principle of SERDS (69). Recently, two diode lasers with different cen-
tral wavelengths at 783 and 671 nm, each emitting laser lines at two slightly shifted
wavelengths, combined with a miniature spectrometer have been separately used for the
rapid and noninvasive in situ discrimination of selected meat species (67).

SERDS has been improved by several groups in recent years to implement multiple
excitation wavelengths and a cost-effective system. Cooper et al. (70) utilized a distrib-
uted Bragg reflector GaAs diode laser, which was temperature-controlled around 25°C
and operated at four sequentially shifted excitation wavelengths around 785 nm, to
reduce noise and eliminate fluorescence background in a set of inexpensive and compact
instrumentation. Recently, a low-cost solution using a light-emitting diode (LED) at
365 nm with a resolution of >100 cm™' as the light source has been demonstrated for
SERDS. In the system, a conventional dielectric bandpass filter at 370 nm with 10 nm
full-width at half-maximum was added to select the discrete spectral lines from LED radi-
ation. Moreover, in order to obtain SERDS spectra, the filter’s angle relative to the direc-
tion of light propagation was tuned to vary the emission wavelength range (71). By
sequentially using multiple excitation wavelengths, multi-excitation Raman spectroscopy
could efficiently suppress fluorescence background in Raman signals (15) obtained from
human tooth and skin tissues. A novel numerical method called expectation-maximiza-
tion algorithm was applied for constructing the normal Raman spectrum from more than
two slightly shifted spectra.

SERDS has been combined with Kerr gating to further reduce fluorescence back-
ground in Raman spectroscopy (72). The combination dramatically enhanced the fluores-
cence suppression performance, which allowed the detection of a Raman signal 10° times
lower than the fluorescence background and a sensitivity reaching the shot noise level of
the detector. As a demonstration of SERDS’s application, SERD and the optical trapping
technique have been integrated in a confocal micro-Raman spectroscopy system to detect
single motile biological cells; for example, E. coli bacteria, yeast cells, and red blood cells
in an aqueous culture medium. The system effectively removed stray light interference
and strong fluorescence background from the single-cell Raman spectra (73). This system
enabled real-time measurements by utilizing a tunable semiconductor diode laser near
785 nm for single-cell trapping and slightly shifting the laser wavelength via tuning the
temperature for Raman excitation. SERD could also be used to remove fluorescence
background from SERS spectra of pyrene in water (74). In this study, a microsystem
diode laser with two slightly different emission wavelengths (1 = 487.61 nm and A =
487.91 nm) and a spectral width <10 pm was employed to investigate the SERS activity
of a naturally grown silver nanoparticle ensemble. A detection limit around 2 nM pyrene
in water was achieved.

Wavelength-modulated Raman spectroscopy (WMRS) (75-77), which is similar to
SERDS in principle, uses an excitation light source with a continuously modulated excita-
tion wavelength and multichannel lock-in detection to suppress fluorescence background
(75). WMRS effectively distinguishes the Raman signal from fluorescence background
by synchronizing a lock-in detector with the modulated excitation source. The WMRS
technique takes advantage of the fact that fluorescence background is unchanged, whereas
the periodical modulation of the excitation wavelength also modulates the Raman
wavelengths.

De Luca et al. (75) analyzed WMRS Raman signal from a sample consisting of 2-um
polystyrene beads suspended in a fluorescent dye solution, as a function of the modulation
rate of the excitation wavelength. In this study, the excitation wavelength was
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continuously modulated from 0.03 to 0.4 Hz and multichannel lock-in detection was used
to collect the retrieved differential spectra online. The signal-to-noise ratio of Raman sig-
nals obtained using WMRS at 0.4 Hz was three times higher than that using SERDS.

WMRS has been applied to the investigation of biological samples. Autofluorescence
suppression using a wavelength-modulated excitation technique based on the principle of
WMRS was utilized to collect wavelength-modulated Raman spectra from 697 individual
circulating tumor cells (78) that consisted of acute myeloid leukaemia cells (OCI-
AML3), breast tumor cells BT-20 and MCF-7, and leukocytes from patients’ blood. The
signal-to-noise ratio of each Raman spectrum obtained using the wavelength-modulated
excitation technique was higher than that of the normal Raman spectrum after averaging.
WMRS was also applied to the discrimination of urothelial cells and bladder cancer cells
from human cell lines exposed to urine (79). Moreover, WMRS, via optimizing various
parameters, has achieved a significant decrease in the acquisition time with a potential for
high-throughput cell imaging and screening applications (77). WMRS was also an easily
implementable and effective technique to reduce fluorescence background present in
SERS spectra (80).

SSRS is also conceptually similar to SERDS. SSRS and WMRS have a significant
experimental advantage over SERDS, which is the waiving in the requirement of a tun-
able laser source (15, 81). SSRS uses the slight change in the Raman spectrum achieved
by employing two different grating positions while leaving the fluorescence background
nearly unchanged. The subtracted spectra obtained from the raw data can be converted
into a more recognizable and conventional form by various algorithms, such as the itera-
tive fitting of appropriate double Lorentzian functions (42, 81). SSRS has been used to
eliminate strong fluorescence background in real ancient objects over a supporting matrix,
such as a textile or parchment, to identify small amounts of organic dyes and lakes (82).
The main limitation of SSRS is that the subtracted spectra generated out of the raw data
need further processing to be converted to a recognizable conventional form and they
may contain spurious bands.

Computational Methods of Fluorescence Background Removal for Spectral
Postprocessing

In addition to experimental methods for fluorescence suppression, computational methods
have been widely adopted to postprocess measured Raman spectra directly to remove the
fluorescence background. The most often used computational methods are based on poly-
nomial fitting (26, 27, 83), wavelet transform (84—86), and derivatives (29, 87, 88).

The principle of the polynomial fitting method is that the fluorescence spectrum can
be fit to a low-order polynomial (83) and then subtracted from the Raman spectrum. This
is reasonable because fluorescence changes much slower than the Raman signal in the
spectral dimension. The advantage of this method is that the original shapes of Raman
peaks can be maintained after background subtraction. However, the optimal choice of
order for polynomial fitting varies and the performance depends on the user’s experience
(89). Therefore, it is difficult to achieve an optimal fit if the intrinsic fluorescence of a
sample is unknown.

The method of wavelet transform is based on the fact that the fluorescence back-
ground is mainly composed of slowly changing and low-frequency components compared
to the Raman signal (84). The measured spectrum can be decomposed into different fre-
quency components first and then those low-frequency components corresponding to fluo-
rescence background can be removed. Unfortunately, a large number of parameters need
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to be set in this method; for example, basis functions, transformation levels, and coeffi-
cients to remove, which makes it difficult to optimize those parameters and often time
consuming (85).

The method of derivatives is probably the simplest and most robust way for fluores-
cence background removal and it shows significant advantages in computation. The
derivatives of the fluorescence background are always smaller in magnitude than those of
Raman peaks; thus, taking the derivative of a measured Raman spectrum will eliminate
the background components irrespective of their magnitudes and thus enhance the sharp
Raman signal (90). However, high-frequency noises are often amplified by this method
as well and the spectrum can be distorted because of the derivative process. The distortion
causes the derivative spectrum to be different from the original spectrum in appearance,
which makes the interpretation of the derivative spectrum difficult (88).

There also exist some other computational methods for fluorescence suppression,
such as peak detection (91, 92), principal component analysis (25, 93), Fourier transform
filtering (27, 28), and manual baseline correction (94). However, they are relatively less
often used compared with the above three major types of computational methods.

Other Methods

There are several other methods for suppressing fluorescence emission that do not belong
to any of the above categories. One such technique is based on the different responses in
Raman scattering and fluorescence to polarization modulation. Because Raman scattering
in symmetric vibrations is tightly related to the polarization of incident light (95), the
polarization dependence on the excitation light can be useful in discrimination between
Raman molecules with polarized Raman bands and fluorophores with low fluorescence
anisotropy. Angel et al. (38) introduced a polarization modulation technique to suppress
fluorescence. In this study, a polarizer chopper synchronized with a lock-in amplifier was
used to separate nonpolarized fluorescence background and the polarized Raman spec-
trum. The fluorescence signal was significantly reduced and the Raman spectrum was
detected for rhodamine 6G at a concentration of 1 nM in ethanol solution. However, this
technique will become ineffective if the parallel-polarized fluorescence with the polariza-
tion along the direction of the excitation light is not negligible (15).

Another technique using a spatially engineered excitation beam—for example,
Laguerre-Gaussian beam or holey-Gaussian beam—instead of the standard Gaussian beam
(39) was shown to significantly suppress fluorescence background and allow fast Raman sig-
nal acquisition, subsequently lower photo-induced damage risk. The configurations of the
Laguerre-Gaussian beam and holey-Gaussian beam could detect specific Raman peaks with
fluorescence background reduced by 3.4 and 2.2 times, respectively, compared to the config-
uration of the Gaussian beam. It should be noted that this method only allows the partial
removal of fluorescence background. Regarding the mechanism behind this method, it was
speculated by the authors that the Raman signal was collected from the dark core region of
the Laguerre-Gaussian beam or holey-Gaussian beam, in which the trapped object was partly
located, but fluorescence cannot be efficiently collected from this region. To reject the fluo-
rescence signal from a substrate, another approach called dark-field Raman microscopy was
proposed, in which the excitation beam converges above the sample’s surface while the col-
lection optics is focused on the sample’s surface (40). In this configuration, the fluorescence
from 5-pum-thick breast tissue on a glass substrate was lowered by three- to fourfold.

Photobleaching by pulsed laser excitation has been used to suppress fluorescence
background in the Raman spectra of solid materials. Hamaguchi et al. (41) stated that
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high-energy laser pulses would cause the photoexcitation time, which is the time taken by
a molecule to jump from the ground state to the excited state by the pulsed laser, to be
much shorter than the fluorescence recovery time, which is the time taken by a molecule
to return from the excited state to the ground state, resulting in complete depletion of mol-
ecules in the ground state. This will quench fluorescence while the Raman scattering pro-
cess remains unchanged. It was demonstrated that the Raman-to-fluorescence ratio of
DNA tetramer and protein samples was increased by a factor of 10 to 100 by photobleach-
ing (41). In another study (42), photobleaching of painted textiles was achieved by pro-
longed pulse laser irradiation, which improved the ratio of Raman signal to noise by 10-
fold after photobleaching for 2 h. The photobleaching method has been also used to
reduce fluorescence background in the Raman measurements of automotive paints (96).
Constant sample irradiation for a long period of time prior to Raman measurements
allows fluorescence to be quenched significantly, which made pigment identification
using Raman spectroscopy possible. It should be pointed out that photobleaching by long
laser irradiation may result in the long-term damage to samples, especially for fragile his-
toric artifacts. Though the fluorescence photobleaching method used by Hamaguchi et al.
(41), due to the mechanism that laser pulses induced the transient optical depletion of flu-
orophore molecules on the ground state, should be nondestructive, the method reported
by MacDonald and Wyeth (42) is likely destructive due to the prolonged continuous irra-
diation. Furthermore, the photobleaching method could be used in liquid core optical fiber
waveguides as well to suppress fluorescence background in the Raman spectra of liquid
samples by more than two orders of magnitude (97).

Comparison Among the Major Experimental and Computational Methods

To facilitate the selection of a proper method for a particular application, Table 1 com-
pares the major fluorescence suppression methods in terms of cost, performance, and
most important advantage(s) or limitation(s). It needs to be highlighted that such compari-
son is highly qualitative because the relevant data are either extracted from different
papers in the literature, in which the experimental configuration may vary significantly
from one to another, or based on our own experience. The table is only intended to serve
as the initial evaluation of methods in different categories, for which detailed validation
is highly recommended. Among these methods, it can be seen that applying one or more
of the computational methods for fluorescence background removal is the most cost-
effective choice. However, this category of methods is limited in performance, especially
for weak Raman signals, because they often create artifacts in spectra. For the best fluo-
rescence suppression performance, a time-domain method, especially the one with a gated
streak camera (49), appears to be the proper choice; however, the requirements of a
pulsed laser with a short pulse width and a detector with a short time gate width make
such a system very expensive. The intermediate choice, which is a tradeoff between cost
and performance, may be various wavelength-domain methods, which can be imple-
mented with a diode laser or LED and a normal Raman spectrometer (70, 71). It should
be highlighted that various computational methods could be combined with the first three
categories of experimental methods to further improve performance.

Discussion and Conclusion

From a practical point of view, expensive time-domain and frequency-domain methods
for Raman spectroscopy alone may find their uses only in a small number of research
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applications requiring exceptional performance in fluorescence suppression such as when
performing bone characterization through the skin (19). However, given that these meth-
ods can often measure fluorescence lifetime after moderate revision in the system config-
uration, they may find a broader range of applications when they are further developed to
combine both Raman spectroscopy and fluorescence lifetime measurements. The fluores-
cence lifetime technique alone has been explored for a variety of purposes such as cancer
diagnosis (100, 101). In most other applications, one of those wavelength-domain meth-
ods is likely a good choice that makes a compromise between the cost and performance.
In this category of methods, a mathematical method, such as principal component analy-
sis, that can effectively estimate the corresponding normal Raman spectrum from a differ-
ence spectrum, is needed for common use (76). In addition, various computational
methods for fluorescence background removal can always be tuned for a particular appli-
cation to enhance the performance of fluorescence suppression without significantly
increasing the cost if needed.

The fluorescence suppression techniques discussed in this article were demon-
strated mostly for point scanning in single-channel measurements. When a large
sample needs to be examined, Raman measurements at many pixels will be required.
In this case, a few of the above methods based on 2D detector arrays can be poten-
tially used for line scanning while still keeping a reasonable spectral resolution or
for 2D imaging but at the cost of sacrificing the spectral resolution to speed up
Raman data acquisition. To achieve even faster Raman imaging and still obtain the
full Raman spectrum at every pixel, one potential way is to combine one of the
above fluorescence suppression techniques with a fast Raman imaging technique
based on narrow band imaging and spectral reconstruction (102). This new Raman
measurement technique suitable for imaging has been demonstrated to be effective
in both spontaneous Raman spectroscopy and surface-enhanced Raman spectroscopy.
It is expected to improve the speed of Raman imaging by a few orders of magnitude
when the full capability is realized in an imaging system.

In this article, we have reviewed several techniques for suppressing the strong
fluorescence background in Raman spectroscopy to expand its use in many applica-
tions; for example, agriculture (103) and food (104), tissue engineering (14, 51, 89),
and clinical diagnosis (105). These techniques take advantage of the differences
between Raman and fluorescence signals in the time domain, the frequency domain,
and the wavelength domain, which can thus be applied to various scenarios. This
survey pays special attention to the fundamental principles of each category of meth-
ods in addition to the recent advances. Moreover, those major categories of techni-
ques are compared to each other in terms of cost and performance in the hope to
guide interested readers to select proper methods for specific applications. We also
expect one or a few of these experimental methods to be more commonly accepted
in the near future once they become user-friendly and demonstrate consistent perfor-
mance in different applications.
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