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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Photobleaching during repeated spectral 
acquisition enables spectral extraction.

• Instrument-derived spectral variations 
are suppressed in the extracted Raman 
spectrum.

• No hardware modifications are 
required.

• Compatible with conventional Raman 
instruments.
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A B S T R A C T

We present a photobleaching-assisted method for extracting Raman spectra from fluorescence-dominated signals 
without hardware modifications. This method involves sequential spectral acquisitions during the photo
bleaching process and applies a least-squares-based decomposition algorithm to isolate the photostable Raman 
components from the decaying fluorescence background. This procedure reduces the instrument-derived spectral 
variations that arise with increasing background intensity, thereby improving the detectability of weak and 
overlapping Raman bands. The prerequisite conditions of the method are that the shapes of both the observed 
Raman and fluorescence spectra remain largely unchanged during measurement and that their spectral co
efficients can be reasonably estimated from the measurement conditions or measured data. Both proof-of-concept 
simulations using simulated data and experiments with polystyrene-based fluorescent beads demonstrated that 
the proposed method can extract Raman spectra by mitigating instrument-derived spectral variations. The 
application of the proposed method to a highly fluorescent polymer using both 532 and 785 nm excitation 
wavelengths demonstrates its capability to extract Raman spectral features across different optical configura
tions. This method broadens the application of Raman measurements under a fluorescence background and 
provides an additional strategy to enhance existing approaches.
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1. Introduction

In Raman spectroscopy, sample fluorescence adds a background 
signal and introduces instrument-derived spectral variations, which 
complicate the interpretation of Raman spectra. Spectral variations 
include effects such as filter ripple, pixel-to-pixel sensitivity variations in 
the charge-coupled device (CCD), and etaloning. These effects become 
prominent when the baseline is elevated by fluorescence [1,2], as they 
increase proportionally with signal intensity. Unlike random noise, such 
as shot noise or readout noise, these spectral variations cannot be 
reduced by averaging.

Fluorescence-removal techniques can be used to eliminate 
instrument-derived spectral variations associated with fluorescence, 
thereby facilitating Raman spectral extraction. One such method is 
shifted excitation Raman difference spectroscopy (SERDS), in which 
fluorescence is removed by differencing spectra measured at slightly 
shifted excitation wavelengths, followed by the reconstruction of the 
Raman spectrum [3]. In the resulting difference spectra, fluorescence 
and instrument-derived variations are effectively eliminated [4–6]. This 
approach has been used to extract Raman spectra in the presence of 
strong fluorescence [5–14].

Herein, we propose a method for extracting Raman spectra with 
reduced instrument-derived spectral variations by using 
photobleaching-induced temporal background changes during contin
uous laser irradiation. To date, photobleaching has been used as a pre
processing step to suppress fluorescence [15–26] rather than to 
explicitly extract Raman spectra from fluorescence spectral components. 
Consequently, residual fluorescence background and instrument- 
derived spectral variations often remain. The present study addresses 
this limitation by explicitly modeling the temporal intensity changes of 
fluorescence and separating them from the photostable Raman signal to 
remove the background, similar to the effect achieved by SERDS. 
Consequently, the spectral variations associated with fluorescence can 
be eliminated, allowing an accurate estimation of the Raman spectra. 
This method requires simple repeated acquisition of spectra without 
additional hardware beyond a typical Raman spectrophotometer, mak
ing it compatible with commercially available systems.

In this paper, we first introduce the principles of the proposed 
method, followed by proof-of-concept simulations using simulated data 
and experiments using polystyrene-based fluorescent beads. Next, we 
demonstrate the application of the proposed method to a highly fluo
rescent polymer using 532 and 785 nm excitation wavelengths. Finally, 
the effectiveness and limitations of the proposed method are discussed.

2. Principle

In principle, decomposing a spectrum into two components requires 
at least two spectra with different component ratios [27,28]. Photo
bleaching naturally provides an opportunity to acquire such spectra, 
because the fluorescence component decays over time, whereas the 
Raman component remains relatively stable. However, under 
fluorescence-rich conditions, the use of only two spectra often results in 
an insufficient signal-to-noise ratio (SNR), leading to unreliable 
decomposition. Therefore, acquiring multiple spectra at different stages 
of photobleaching provides a wider range of component ratios and fa
cilitates a more robust estimation of the Raman spectrum.

The mathematical model used in the proposed method is presented 
here. Each measured spectrum is regarded as a linear combination of the 
photostable Raman spectrum sR and the fluorescence spectrum sF. The 
fluorescence intensity decreases with photobleaching, whereas the 
spectral shape remains unchanged. Accordingly, the i-th spectrum di 
acquired during photobleaching is expressed as. 

di ≈ cF(i)sF + cR(i)sR (1) 

where cF(i) and cR(i) denote the fluorescence and Raman intensity 

coefficient of the i-th spectrum, respectively. The prerequisite conditions 
for this method are that the shapes of both the observed Raman and 
fluorescence spectra remain largely unchanged during measurement, 
and their spectral coefficients can be estimated from the measurement 
conditions or measured data. Collecting n spectra yields the data matrix 
= [d1,d2,⋯,dn]

T, which is written as: 

D ≈ C ST (2) 

where C = [cF, cR] and S = [sF, sR] contain the intensity coefficients 
and spectral components, respectively.

A major challenge in spectral decomposition is the inherent ambi
guity of the solution, which is illustrated by the following relation: 

D ≈ C R R− 1ST = CmixedST
mixed (3) 

where R is a 2 × 2 rotation matrix. This is commonly referred to as 
rotational ambiguity [28,29]. To obtain the pure (unmixed) spectral 
component S a reliable estimation of the coefficients for both the fluo
rescence and Raman components is required. The fluorescence intensity 
is derived from the signal in the silent region where no Raman peaks are 
present. However, it is difficult to reliably estimate the Raman intensity 
from fluorescence-dominated spectra because weak Raman peaks are 
easily buried by noise, which is intensified in the presence of a fluo
rescence background.

We incorporated prior knowledge into the estimation of Raman in
tensity to address the rotational ambiguity of spectral decomposition. 
When Raman scattering and fluorescence originate from different mo
lecular species, photobleaching-induced molecular structural changes in 
the fluorescent species do not affect the Raman intensity. In addition, in 
the absence of photodamage, the Raman intensity remains unchanged 
during acquisition with a constant laser power. Accordingly, the Raman 
coefficient vector cR is assumed to be constant, and all elements of cR are 
set to 1. The values of cF are estimated from the intensity in the silent 
region of the Raman spectra by utilizing broad fluorescence spectra in 
the silent region and then normalizing to their initial value to fix the 
relative intensity scale. Using this approach, both Raman and fluores
cence spectra are estimated. This estimation is not applicable when laser 
irradiation or photobleaching affects the Raman signal.

Once the coefficient matrix C is determined, the desired spectral 
matrix S is obtained using the classical least squares (CLS) method as 
follows: 

ST =
(
CTC

)− 1CTD (4) 

In our method, using a single fluorescence component is a rational 
choice to suppress collinearity and ensure stable spectral estimation. 
Introducing multiple fluorescence components leads to strong collin
earity, because their temporal decay profiles during photobleaching are 
often similar. As a result, the matrix C becomes ill-conditioned, and the 
inversion of CTC significantly amplifies noise in the CLS solution [30].

It is well known that fluorescence spectra are sensitive to the mo
lecular state and local environment, including changes in molecular 
structure, intermolecular interactions, and temperature [31]. Therefore, 
assuming the presence of a single fluorescence component during pho
tobleaching may lead to residual baseline components in the extracted 
Raman spectra. The residual baseline arising from the use of the single- 
fluorescence model was further reduced by applying a baseline correc
tion. A similar baseline correction step is used in SERDS to suppress 
residual baseline components [3,4,6,10,32–34]. In this study, the 
adaptive smoothness parameter-penalized least-squares (asPLS) method 
[35,36] was used. Fig. 1 shows a flowchart of the proposed method.

3. Results

3.1. Proof-of-concept simulations

We validated the proposed method using simulated spectral datasets 
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to model the photobleaching process over 1000 repeated acquisitions. 
The extracted Raman spectra were compared to the baseline-corrected 
averaged spectrum as a reference. The background variation and 
cosine similarity were used as metrics for peak recognition and simi
larity to the ground-truth Raman spectrum, respectively.

Fig. 2a shows the ground-truth Raman and fluorescence spectra. The 
ground-truth Raman spectrum was constructed in the range 600–1800 
cm− 1 with a wavenumber interval of 1 cm− 1. Lorentzian peaks with 
logarithmically varying intensities were placed at 200 cm− 1 intervals, 
centered at 600, 800, 1000, 1200, 1400, and 1600 cm− 1, with intensities 
of 50, 10, 100, 5, 2, and 20, respectively. All peaks had a full width at 
half maximum (FWHM) of 20 cm− 1. The fluorescence spectrum was 
modeled as a Gaussian peak centered at 1200 cm− 1 with an FWHM of 
2000 cm− 1 and intensity of 20,000.

The spectral coefficients obtained for 1000 acquisitions are shown in 
Fig. 2b. Fluorescence decay was modeled as a combination of three 
exponential decay components with decay rates of 1, 0.1, and 0.01 per 
acquisition, representing different photobleaching kinetics.

The measured spectra were generated under these conditions by 
incorporating instrument-derived spectral variations and stochastic 
noise. A 1% sinusoidal ripple with 100 cm− 1 period and pixel-to-pixel 
variations with a root-mean-square intensity of 0.25% were intro
duced to model instrument-derived spectral variations. These values are 
typical of the filter ripple and sensitivity nonuniformity of CCD detectors 
used in Raman spectrophotometry. Subsequently, signal-dependent shot 
noise and readout noise with a root-mean-square intensity of 10 e− were 
added. The synthesized spectra corresponding to the 1st, 10th, 100th, 
and 1000th acquisitions are shown in Fig. 2c.

Fig. 2d presents the Raman and fluorescence spectra obtained using 
the proposed method. Ground-truth Raman peaks are observed in the 
estimated Raman spectrum. The imposed instrument-derived spectral 
variations are not visible in the estimated Raman spectrum but appear in 
the estimated fluorescence spectrum.

The estimated fluorescence spectrum was compared to the simulated 
fluorescence spectrum, which included instrument-derived spectral 
variations (Fig. 3e). The estimated fluorescence spectrum clearly retains 
the imposed instrument-derived spectral variations, including both si
nusoidal ripples and pixel-to-pixel sensitivity variations. The estimated 
fluorescence spectrum is not identical to the simulated fluorescence 
spectrum because of the presence of shot and readout noises.

The estimated Raman spectrum was compared with that obtained 
using a conventional reference. The baseline-corrected averaged spec
trum, calculated using the equation below, was used as the conventional 
method. The ground truth fluorescence spectrum (sF,truth

)
was then 

subtracted from the baseline component. 

dave,corr =
1
n
∑n

i
di −

(
1
n
∑n

i
ci

)

sF,truth (5) 

The estimated Raman spectrum and baseline-corrected averaged 
spectrum (dave,corr) are shown in Fig. 2f. Unlike the estimated Raman 
spectrum, dave,corr exhibits residual instrument-derived spectral varia
tions. We quantified background variation as the standard deviation in 
the 1800–2000 cm− 1 region, where no Raman bands are present 
(Table 1). The background variation in the estimated Raman spectrum is 
comparable to that of shot noise, whereas the variation in the baseline- 
corrected averaged spectrum is larger. In addition, the cosine similarity 
to the ground-truth Raman spectrum was calculated, showing a higher 
similarity for the estimated Raman spectrum. These results demonstrate 
that the proposed method yields Raman spectra with reduced 
instrument-derived spectral variations, which aids spectral 
interpretation.

Next, we compared the suppression of the background variation 
under different fluorescence intensities and instrument-derived spectral 
variations relative to the reference conditions described above. In the 
latter case, we varied only the sinusoidal ripple intensity to emulate the 
etaloning effect. The fluorescence intensity and sinusoidal ripple in
tensity increased by factors of two and four, respectively, relative to the 
reference conditions (Fig. 3a, d). The extracted Raman spectra and 
baseline-corrected averaged spectra (Fig. 3b, c, e, and f) were calculated 
from simulated data using the procedures described above. The back
ground variations in the silent region for each condition are summarized 
in Table 2.

No noticeable instrument-derived spectral variations are observed in 
the extracted Raman spectra, even as the fluorescence intensity and si
nusoidal ripple intensity are increased (Fig. 3b, e). These results suggest 
that the instrument-derived spectral variations are sufficiently small 
relative to the shot noise level, as the variation in the silent region in
creases approximately in proportion to the square root of the fluores
cence intensity (Table 2). In contrast, instrument-derived spectral 
variations are observed in the averaged spectra, and their intensities 
increase with fluorescence intensity and sinusoidal ripple intensity 
(Fig. 3c, f). The variation in the silent region increases linearly with 
fluorescence intensity, whereas the ripple intensity contributes an 
additional linear component because the pixel-to-pixel variation re
mains unchanged (Table 2).

3.2. Proof-of-concept experiment

Proof-of-concept experiments were conducted using fluorescent 
beads. Nile Red-stained polystyrene beads with a diameter of 1 μm 
(F8819, Invitrogen, Thermo Fisher Scientific) were used as a test sample. 
Polystyrene and Nile Red served as the Raman and fluorescence sources, 
respectively. Nile Red exhibits an absorption maximum at approxi
mately 535 nm and a fluorescence emission peak at approximately 565 
nm. The fluorescent beads were dispersed on microscope glass slides and 
their spectra were acquired using a confocal Raman microscope 
(RAMANtouch, Nanophoton) with a 532 nm excitation laser. The laser 
power irradiating the sample was set to 1 mW and the laser beam was 
focused using a 100× objective lens (numerical aperture = 0.9). A 
pinhole with a diameter of 50 μm (0.7 Airy units) was used as the 
confocal aperture. Spectral acquisition was performed continuously for 
1000 consecutive frames with an exposure time of 40 ms per frame.

Fig. 4a shows the spectra measured at the 1st, 10th, 100th, and 
1000th acquisitions. The fluorescence from Nile Red gradually decreases 
as the measurement progressed owing to photobleaching. The average 

Fig. 1. Flowchart of the photobleaching-assisted spectral extraction method. 
The obtain matrices or vectors are written on the right side of each step. Here, n 
and m denote the number of acquisitions and the number of pixels in the 
spectral axis, respectively.
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intensity in the silent region (1800–2000 cm− 1) was used as the fluo
rescence coefficient cF (Fig. 4b).

Fig. 4c shows the spectra obtained using the proposed method. One 
spectrum contains more Raman signals, whereas the other mainly con
tains fluorescence signals. Instrument-derived spectral variations are 
predominantly observed in the fluorescence-rich spectrum and are 
negligible in the Raman-rich spectrum. Baseline fluctuations in the 
Raman-rich spectrum may have originated from changes in the fluo
rescence spectrum during the photobleaching process, leading to a 
mismatch with the model's assumption that the fluorescence spectrum is 
represented by a single component (Fig. S1). Residual baseline fluctu
ations can be removed using a baseline correction algorithm, because 
the baseline intensity and associated instrument-derived spectral vari
ations are sufficiently small.

We compared the spectral shapes of the extracted Raman spectrum 
and the averaged spectrum after baseline correction with the ground- 
truth polystyrene Raman spectrum (Fig. 4d). The ground-truth Raman 
spectrum was obtained by measuring 10 μm pure polystyrene beads 
(01–00-104, micromod). The extracted Raman spectrum exhibits no 
evident instrument-derived spectral variations and its overall spectral 

shape is similar to that of the ground-truth spectrum. In contrast, the 
averaged spectrum shows instrument-derived spectral variations asso
ciated with an increasing baseline, including ripple structures and pixel- 
to-pixel variations. Cosine similarity results calculated excluding silent 
regions (1700–2700 cm− 1 and above 3300 cm− 1) confirm the similarity 
of the extracted Raman spectrum and ground-truth spectrum, yielding 
values of 0.96 for the extracted Raman spectrum and 0.77 for the 
averaged spectrum.

The limit of detection (LOD) for peak recognition in the extracted 
Raman spectrum was calculated, and detectable peaks were identified 
based on the LOD. The LOD was defined as three times the standard 
deviation of the background variation (LOD = 3σ) measured in the silent 
region (1800–2000 cm− 1). The silent region close to the fingerprint re
gion was used as a representative reference for LOD estimation, as the 
variation level depends on the fluorescence intensity and therefore 
varies with the wavenumber. Fig. 4e shows the spectra in the low- 
intensity region along with an estimated LOD value of 0.90. Weak 
peaks, indicated by the arrows in Fig. 4e,are observed in the extracted 
Raman spectrum but not in the baseline-corrected averaged spectrum.

Next, the reproducibility of the proposed method was evaluated. Ten 

Fig. 2. (a) Defined ground-truth Raman and fluorescence spectrum. (b) Defined spectral coefficients with repeated acquisitions. (c) Spectra generated after 1, 10, 
100, and 1000 acquisitions during photobleaching, including instrument-derived spectral variations (1% ripple and 0.25% pixel-to-pixel variations), shot noise, and 
readout noise. (d) Raman and fluorescence spectra estimated using the proposed method. (e) Comparison of the estimated and defined fluorescence spectra including 
instrument-derived spectral variations. (f) Comparison of the estimated Raman spectrum with the baseline-corrected averaged spectrum. In (e,f), spectra are 
vertically offset for clarity.
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independent measurements were performed using different beads under 
the same experimental conditions. The extracted Raman spectra 
consistently reproduce the characteristic Raman features of polystyrene 
across all measurements (Fig. 5). The cosine similarity to the ground- 
truth polystyrene spectrum over the ten measurements is 0.95 ±
0.0062 (mean ± standard deviation), while the background variation 
evaluated in the silent region (1800–2000 cm− 1) is 0.27 ± 0.027. These 
results demonstrate that the proposed method yields reproducible 
Raman spectra.

3.3. Application of the method to the measurement of poly(ether ether 
ketone)

We applied the proposed method to a fluorescent poly (ether ether 
ketone) (PEEK) sample. Polymeric materials are commonly analyzed 
using Raman spectroscopy and can exhibit strong fluorescence owing to 
impurities or additives.

We employed both 532 and 785 nm excitation wavelengths to verify 
the general applicability of the proposed method, as the photobleaching 
efficiency and instrument-derived spectral variations depend on the 
excitation wavelength. The 532 nm wavelength is widely used in com
mercial Raman instruments because of its strong Raman scattering ef
ficiency, superior detection efficiency, and broad availability. However, 
shorter wavelengths often induce strong fluorescence. On the other 
hand, near-infrared excitation light in the 700–800 nm range, including 
785 nm, is commonly employed to suppress fluorescence. Although 
fluorescence is reduced at longer wavelengths, residual fluorescence 
causes etaloning, an interference pattern arising from back-illuminated 
CCD detectors, making it difficult to obtain clean Raman spectra.

The experimental setup consisted of a Raman microscope (RAM
ANtouch, Nanophoton) equipped with a back-illuminated CCD detector. 
For 532 nm excitation, the laser power was set to 2 mW with an exposure 
time of 50 ms for each acquisition. For 785 nm excitation, the laser 
power and exposure time were set to 50 mW and 200 ms, respectively. A 
20× objective lens (numerical aperture = 0.45) and a 50 μm confocal 
pinhole were employed for both measurements. Raman spectra were 
continuously measured over 10,000 acquisitions. The averaged intensity 
in the silent region (1750–1850 cm− 1) was used as the fluorescence 
coefficient for the decomposition of both datasets.

The spectra measured using 532 nm excitation at the 1st, 10th, 
100th, 1000th, and 10000th acquisitions are shown in Fig. 6a. As the 
measurements progressed, the fluorescence intensity gradually de
creases, but Raman peaks are barely discernible owing to the initially 
strong fluorescence. The proposed method successfully extracted 
Raman- and fluorescence-rich spectra (Fig. 6b). By isolating the 
instrument-derived spectral variations, particularly the pixel-to-pixel 
sensitivity variation, the Raman spectrum of the sample material is 
effectively visualized. The residual baseline variation was corrected 

Fig. 3. Dependence of (a–c) fluorescence intensity and (d–f) sinusoidal ripple intensity on the Raman spectra. (a) Simulated fluorescence spectra with intensities of 
20,000, 40000, and 80,000. (b) Extracted Raman spectra. (c) Baseline-corrected averaged spectra. (d) Simulated fluorescence spectra with sinusoidal ripple in
tensities of 1%, 2%, and 4%. (e) Extracted Raman spectra. (f) Baseline-corrected averaged spectra. (b–f) Spectra are vertically offset for clarity.

Table 1 
Background variation (standard deviation) in the 1800–2000 cm− 1 region and 
cosine similarity to the ground-truth Raman spectrum for both the estimated 
Raman spectrum and the baseline-corrected averaged spectrum.

Evaluated spectrum Background variation 
(counts)

Cosine similarity to the 
ground truth

Estimated Raman spectrum 0.79 0.997
Baseline-corrected 

averaged spectrum
2.20 0.968

Table 2 
Background variation (standard deviation) in the 1800–2000 cm− 1 region as a 
function of fluorescence intensity and sinusoidal ripple intensity for both the 
extracted Raman spectrum and baseline-corrected averaged spectrum.

Fluorescence 
intensity

Sinusoidal ripple 
intensity (%)

Extracted Raman 
spectra (counts)

Baseline-corrected 
averaged spectra 
(counts)

20,000 1 0.79 2.20
40,000 1 1.10 4.41
80,000 1 1.64 8.65
20,000 2 0.79 3.94
20,000 4 0.83 7.62
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using the baseline correction method to extract the Raman spectrum 
(Fig. 6c). Even weak Raman peaks are visible, and the overall spectral 
profile shows good agreement with previously reported Fourier trans
form (FT)-Raman results [37,38].

The spectra measured using 785 nm excitation at the 1st, 10th, 
100th, 1000th, and 10000th acquisitions are shown in Fig. 7a. The 

fluorescence intensity decreases over the course of the measurements 
due to photobleaching. The baseline exhibits periodic variations that are 
attributed to etaloning caused by the back-illuminated CCD detector. 
With 785 nm excitation, the separated spectra appropriately represent 
the Raman and fluorescence-rich components (Fig. 7b). Because peri
odic variations due to etaloning are largely captured within the 

Fig. 4. (a) Measured spectra (1st, 10th, 100th, and 1000th acquisitions). (b) Spectral intensity coefficients for Raman and fluorescence spectra. (c) Extracted Raman- 
and fluorescence-rich spectra. (d) Spectral comparison among polystyrene (ground truth spectrum), the baseline-corrected extracted Raman spectrum, and the 
baseline-corrected averaged spectrum. Baseline correction was performed using the adaptive smoothness parameter penalized least-squares (asPLS) method. The 
smoothness parameter λ was set to 4 × 106 for the extracted Raman spectrum and 2 × 105 for the averaged spectrum. Spectra are vertically offset for clarity. (e) 
Enlarged view of the low-intensity region of the baseline-corrected extracted Raman spectrum and baseline-corrected averaged spectrum.

Fig. 5. Reproducibility of the extracted Raman spectra for different fluorescent bead samples. Spectra are vertically offset for clarity.
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fluorescence component, a clear Raman spectrum is obtained without instrument-derived spectral variations, particularly those arising from 

Fig. 6. (a) Spectra measured using 532 nm excitation (1st, 10th, 100th, 1000th, and 10000th acquisitions). (b) Extracted Raman- and fluorescence-rich spectra. (c) 
The Raman spectrum was baseline corrected using the adaptive smoothness parameter penalized least squares (asPLS) method with a smoothness parameter λ = 105.

Fig. 7. (a) Spectra measured using 785 nm excitation at the 1st, 10th, 100th, 1000th, and 10000th acquisitions. (b) Extracted Raman and fluorescence spectra. (c) 
Raman spectrum baseline corrected using the adaptive smoothness parameter penalized least squares (asPLS) method with a smoothness parameter λ = 107.

Fig. 8. Background variation as a function of the number of acquisitions for (a) 532 nm and (b) 785 nm excitation wavelengths. The variation was calculated as the 
standard deviation in the 1750–1850 cm− 1 region after baseline correction using the adaptive smoothness parameter penalized least squares (asPLS) method (λ = 105 

for 532 nm excitation, and λ = 107 for 785 nm excitation).
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the etaloning effect. Weak peaks with intensities below 10 counts are 
clearly visible (Fig. 7c). This spectrum also shows good agreement with 
previously reported FT-Raman spectra [37,38].

The residual baseline fluctuations observed using 785 nm excitation 
are smaller than those obtained under 532 nm excitation. This is prob
ably because multiple fluorescent species contribute under 532 nm 
excitation, whereas fluorescence under 785 nm excitation may be 
dominated by a single fluorescent species, which is consistent with the 
single-component assumption in the model.

Since the proposed method relies on photobleaching and its perfor
mance evolves over repeated acquisitions, we evaluated the relationship 
between the background variation and number of acquisitions for both 
the extracted Raman spectrum and averaged spectrum. The background 
variation was calculated in the silent region from 1750 to 1850 cm− 1. 
Both spectra were baseline-corrected before evaluation. As shown in 
Fig. 8, for both excitation wavelengths, the averaged spectrum exhibits a 
lower variation level in the early stages of measurement, even though it 
contains instrument-derived spectral variations. As photobleaching 
progresses with continued acquisition, the extracted Raman spectrum 
shows lower variation. For the present dataset, the crossover between 
the variation levels in the extracted and averaged spectra occurs after 
approximately 30 acquisitions in both cases, beyond which the proposed 
method consistently outperforms the averaged spectrum. Therefore, this 
crossover point serves as an indicator of which spectrum is preferable 
under certain conditions. As the number of acquisitions increases, the 
difference in background variation between the two methods continues 
to widen, eventually reaching 20.0-fold and 13.6-fold improvements for 
the 532 and 785 nm excitation wavelengths, respectively. The magni
tude of these improvements depends on several factors, including the 
signal-to-background ratio (SBR), instrument-derived spectral varia
tions, photobleaching rate, and stability of the fluorescence and Raman 
spectra during acquisition.

4. Discussion

The proposed method extracts Raman spectra without requiring 
prior information. Such as instrument-derived spectral variations, and is 
based on a linear model in which the spectral shape is preserved. 
Although changes in the fluorescence spectrum during photobleaching 
can introduce a residual baseline in the extracted Raman spectrum, 
instrument-derived background variation can be reduced compared to 
the unprocessed spectrum. This baseline can be corrected because it is 
generally much broader than the Raman bands, and instrument-derived 
spectral variations have already been reduced.

The proposed method does not remove stochastic noise components, 
and it should be noted that the influence of shot noise cannot be elim
inated. If instrument-derived spectral variations are perfectly removed 
through prior calibration, the SNR of the baseline-corrected averaged 
spectrum will be comparable to that obtained using the proposed 
method. Nevertheless, the accurate calibration of instrument-derived 
spectral variations is difficult and labor-intensive because the varia
tions depend on many factors, including the sample type, measurement 
conditions, and instrument alignment. Therefore, the proposed method, 
similar to SERDS, suppresses instrument-derived spectral variations by 
canceling them under identical sample and measurement conditions, 
thereby providing a practical approach for removing instrument-derived 
spectral variations without prior calibration.

However, the proposed method has several limitations. First, it is 
difficult to apply the method when the observed Raman spectra change 
during measurement; for example, due to sample motion, bleaching of 
specific Raman bands under resonance conditions [39,40], photo
damage, or the formation of byproducts under laser irradiation [41,42]. 
These laser-induced effects are more likely when visible excitation leads 
to absorption or when shorter excitation wavelengths with higher 
photon energies are used. Therefore, longer excitation wavelengths are 
generally more suitable for applying the proposed method.

Second, this method is difficult to apply when measuring fluorescent 
molecules. Photobleaching can alter the molecular structure, leading to 
changes in the Raman spectral profile, such as variations in the overall 
spectral intensity, peak width, peak position, and relative peak intensity. 
Furthermore, the validity of the obtained Raman spectra should be 
carefully verified when photobleaching causes chemical or structural 
modification of a sample, as may occur in biological specimens, or when 
chemically unstable molecules undergo secondary reactions during 
irradiation. However, it has been reported that the use of photo
bleaching does not cause significant changes in the Raman spectrum of 
dyes [24], and isalso applicable for biological samples such as bone [19]
and skin [20]. Therefore, this method may be applicable to such 
samples.

Third, the presence of multiple fluorescent species or changes in the 
fluorescence spectrum during photobleaching can lead to residual 
baseline components and instrument-derived spectral variations in the 
extracted Raman spectra. Artifacts introduced by baseline correction are 
usually not obvious; however, the algorithm and parameters must be 
carefully chosen to minimize distortion of the Raman spectrum.

Regarding spectral changes during photobleaching, fluorescence 
spectra can exhibit shifts in peak positions and changes in bandwidth 
due to various factors, such as the molecular state or local environment 
[31]. This suggests that the excitation wavelengths closer to the emis
sion peak are more likely to induce spectral changes during photo
bleaching. Therefore, depending on the sample, selecting an excitation 
wavelength that avoids the fluorescence emission peak may mitigate 
changes in the fluorescence spectral shape, which could improve the 
consistency with the assumptions of the model used in this study.

When applying this approach to practical polymer measurements, 
such as the fluorescent PEEK sample described above, sufficient photo
bleaching is required for reliable extraction (Fig. S2). Because achieving 
sufficient photobleaching often requires time, this method may not be 
suitable for dynamic measurements or when the sample changes over 
time. During long measurements, practical issues may arise, such as 
fluctuations in the laser power or wavelength, focus drift on the sample, 
and variations in the spectrometer or other optical components, all of 
which can introduce errors.

Several methods can be used to accelerate photobleaching. First, the 
removal of out-of-focus signals is effective. For example, using a 
confocal setup and increasing the degree of confocality, i.e., employing a 
higher-NA objective or a smaller confocal pinhole [43,44] and targeting 
a smaller specimen volume [45], have been reported to enhance pho
tobleaching. Secondly, increasing the excitation power can further 
accelerate photobleaching [19,20,24,45]. However, caution is required 
because heat accumulation during prolonged measurements can dam
age the sample.

In the experiments using the PEEK sample and 785 nm excitation 
(Fig. 7), the dataset was measured up to 10,000 times to illustrate the 
improvement in the background variation as a function of the number of 
acquisitions, resulting in a long total acquisition time. However, in 
practical applications, the measurement can be terminated once a suf
ficient SNR has been achieved. The required SNR depends on the eval
uation objective (material identification, evaluation of peak positions or 
widths, or analysis of intensity ratios) and the desired level of accuracy.

The proposed method offers advantages over conventional numeri
cal methods, such as polynomial fitting [46–48], asymmetric least 
squares [35,49,50], and extended multiplicative signal correction [51]
because they treat the baseline as a smooth component and therefore 
cannot remove instrument-derived spectral variations. Although slowly 
varying oscillatory patterns can be suppressed, such suppression often 
introduces artifacts, including the removal of low-frequency spectral 
components. To improve the SNR, filtering methods such as Gaussian 
smoothing, Fourier-domain filtering, and wavelet-based denoising often 
suppress high-frequency components. Consequently, both the noise and 
high-frequency components of the Raman peaks can be attenuated, 
which can lead to peak broadening and related artifacts.
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Similar to the proposed method, SERDS removes instrument-derived 
spectral variations originating from fluorescence background. This 
method can be implemented relatively easily by modifying only the 
excitation source. Compared with the proposed method, SERDS is less 
dependent on the sample type; however, it requires the excitation 
wavelength shift the be adjusted according to the spectral resolution and 
Raman peak linewidth. In addition, spectral reconstruction from dif
ference spectra can introduce distortions in the Raman band shapes, 
particularly for overlapping bands or those with varyingwidths [4,32]. 
The SNR of the reconstructed spectrum is also degraded by subtraction 
[32]. Another limitation of SERDS is that the fluorescence level must 
remain the same between spectra measured at different excitation 
wavelengths. In contrast to the proposed method, photobleaching can 
lead to residual fluorescence and instrument-derived spectral variation 
in SERDS measurements [6,32,34,52,53]. Several practical strategies 
have been used to avoid this problem, such as performing alternating 
measurements while rapidly switching the excitation wavelength 
[6,52,53] or pre-photobleaching the sample before the measurement to 
stabilize the fluorescence level.

Another effective approach for suppressing fluorescence in Raman 
measurements is time-resolved Raman spectroscopy [54,55]. In this 
technique, sub-nanosecond laser pulses are used, and temporal gating is 
applied to detect only signals within time windows with a high SBR. 
Unlike the proposed method and SERDS, time-resolved Raman spec
troscopy suppresses fluorescence detection itself, thereby reducing 
instrument-derived spectral variations and the shot noise of the fluo
rescence background. Recently, short-term gating has become easier to 
implement using single-photon avalanche diode detectors [55].

The proposed method can be applied to time-resolved Raman spec
troscopy data. Spectra acquired with sequential time windows provide 
data with different Raman and fluorescence intensities. The resulting 
contrast in intensity changes reduces the collinearity of the temporal 
profiles, making the data suitable for decomposition using a least- 
squares method. Therefore, this combination can potentially enable a 
more reliable extraction of Raman spectral features in time-resolved 
Raman spectroscopy.

5. Conclusions

The proposed method enables the extraction of Raman spectral fea
tures based on a linear model, in which the spectral shape is preserved 
during exposure. Both simulations and experiments demonstrated that 
the method is particularly effective in the presence of large instrument- 
derived spectral variations (e.g., etaloning).

The prerequisite conditions of the method are that the shapes of both 
the observed Raman and fluorescence spectra remain largely unchanged 
during measurement and that their spectral coefficients can be esti
mated from the measurement conditions or the measured data. 
Regarding spectral stability, longer excitation wavelengths are generally 
more suitable for applying this method.

The novelty of the proposed method is its simplicity and practicality. 
It requires no hardware modifications or additional optical components 
and relies only on repeated acquisitions. Data processing is straightfor
ward and based on classical least squares analysis. Furthermore, the 
method is compatible with typical commercial confocal Raman systems.

The improvement in Raman peak recognition achieved by removing 
instrument-derived spectral variations is consistent with the effect 
observed in SERDS. In SERDS, the subtraction of the spectra measured at 
slightly shifted excitation wavelengths effectively eliminates the back
ground and instrument-derived spectral variations, thereby enabling the 
extraction of clear Raman spectra. In our method, the Raman signal 
remains constant, while the fluorescence varies along the intensity axis, 
whereas in SERDS, the fluorescence remains constant and only the 
Raman peaks shift along the wavenumber axis. Although the compo
nents and axes of variation differ between the two methods, both 
reconstruct Raman spectra by removing the background and instrument- 

derived spectral variations from measured fluorescence-containing 
spectra.

However, the proposed method has several limitations, including 
enhanced background variations under conditions of insufficient pho
tobleaching and the presence of multiple fluorescence components. In 
future work, we aim to address these issues and further improve esti
mation accuracy.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.saa.2026.127926.
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