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ABSTRACT: Confocal Raman spectroscopy (CRS) is a powerful tool Spectrometer
that has been widely used for biological tissue analysis because of its

Q 9 q Q Q Q 9 g Q q Handheld b
noninvasive nature, high specificity, and rich biochemical information. 4 a—

However, current commercial CRS systems suffer from limited \ < o

detection regions (450—1750 cm™"), bulky sizes, nonflexibilities, slow

acquisitions by consecutive excitations, and high costs if using a Fourier ..., ;

transform (FT) Raman spectroscopy with an InGaAs detector, which “"'""’j] —

impede their adoption in clinics. In this study, we developed a portable i l

CRS system with a simultaneous dual-wavelength source and a wwm | mutpleer g “
miniaturized handheld probe (120 mm X 60 mm X S0 mm) that can Confocal Raman Slgnal -

acquire spectra in both fingerprint (FP, 450—1750 cm™') and high A /\/\/ ‘ iermees
wavenumber (HW, 2800—3800 cm™') regions simultaneously. An 2 NV /\N v —
innovative design combining 671 and 785 nm lasers for simultaneous
excitation through a compact and high-efficiency (>90%) wavelength
combiner was implement.ed. I_\/[oreoverf to decouple the fused FP a}nd o AN -—am=mna.
HW spectra, a first-of-its-kind precise Raman spectra separation — xo o w0 = soc s oo

algorithm (PRSSA) was developed based on the maximum a posteriori

probability (MAP) estimate. The accuracy of spectra separation was greater than 99%, demonstrated in both phantom experiments
and in vivo human skin measurements. The total data acquisition time was reduced by greater than 50% compared to other CRS
systems. The results proved our proposed CRS system and PRSSA’s superior capability in fast and ultrawideband spectra acquisition
will significantly improve the integration of CRS in the clinical workflow.

Light Intensity (A.U.)

H INTRODUCTION source for deeper penetration and less autofluorescence. The
most commonly used spectrometer in Raman spectroscopy is

Many optical techniques have been studied for a wide range of
silicon based with low noise, high sensitivity, and spectral

chemical and biomedical applications, owing to their non-

invasiveness and rich light-matter interactions. For instance, resolution up to subnanometers.'* Its sensitive region covers
fluorescence spectroscopy is based on photon absorption and 200—1100 nm, corresponding to the fingerprint (FP) region
subsequent emission at different energy levels by matter." (450—1750 cm™") of most organic chemicals, with 785 nm
Optical coherence tomography utilizes backscattered photons excitation. To get the high wavenumber (HW) region (2800—
resulting from different reflectivity patterns to obtain structural 3800 cm™') for water content analysis, several Raman
information on biological tissues.” Visible/infrared spectrosco- spectroscopy systems'>~'° adopt a dual-wavelength light

. . . 3 PR .
py rehe45 on optical absorption,” transmission, or reflection of source by adding a 671 nm laser'® to extend the spectral
matter.” Among these techniques, Raman spectroscopy, a

measure of photon inelastic scattering, has exceptional
specificity over other optical techniques since the resulting
spectra patterns are unique for different compounds.” Hence, it
has become a popular tool for biomedical applications such as
drug design,6 DNA/RNA analysis,” and disease diagnosis.8
Confocal Raman spectroscopy (CRS) provides additional
spatial resolution at the micrometer level by incorporating a
confocal optical setup to suppress stray light and realize depth
profiling.”~"" Near-infrared laser is often employed as the light

range. However, FP and HW spectra need to be obtained
separately during the acquisition by manually switching the

Received: November 14, 2022
Accepted: February 21, 2023
Published: March 17, 2023

© 2023 American Chemical Society https://doi.org/10.1021/acs.analchem.2c05065

v ACS PUbl ications 5240 Anal. Chem. 2023, 95, 5240~5247


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruochong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Poongkulali+Rajarahm"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuyan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amalina+Binte+Ebrahim+Attia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renzhe+Bi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renzhe+Bi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Malini+Olivo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.2c05065&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05065?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05065?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05065?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05065?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05065?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/95/12?ref=pdf
https://pubs.acs.org/toc/ancham/95/12?ref=pdf
https://pubs.acs.org/toc/ancham/95/12?ref=pdf
https://pubs.acs.org/toc/ancham/95/12?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.2c05065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Analytical Chemistry

pubs.acs.org/ac

Dichroic beam
splitter

Long-pass

) Focusing mirror
filter

I
1
:
s
1
I
1
1

Short-pass filter |

Collimating lens

> Emission light Dual-wavelength

> Excitation light Excitation module

e

(b)

Spectrometer

by Emission fiber

Ja
)8

Excitation fiber
Wavelength
division
Multiplexer
(WDM)

Miniaturized linear motor

Single-mode fiberu[[m

Emission module

(C) Laptop with

visualization Ul smlu-onﬁbu @ o

=7

Enﬁudonﬁbor

* Handheld
probe

Six-axis
mechanical
arm

-
Enlarged view of the handheld operation

.
- !Objeclive lens

Figure 1. (a) Optical layout of handheld Raman probe, which consists of four modules: dual-wavelength light source module, optical module,
objective module, and emission module. (b) Schematic of the dual-wavelength confocal Raman spectroscopy, comprising two lasers, a wavelength
division multiplexer, a confocal handheld probe, a NIR spectrometer, and a laptop. (c) Photograph of the prototype of the handheld dual-band

confocal Raman probe with a six-axis mechanical arm and a portable base.

laser and repeating the measurement, which may cause depth
mismatch and prolonged acquisition time. This problem is
even more pronounced in CRS system operation,'” especially
for in vivo applications. Another choice is to use a 532 nm
excitation laser with a visible spectrometer that covers the
540—700 nm range.'® Although this type of Raman spectros-
copy can be used for both fingerprint and high wavenumber
regions, the Raman scattering signal will be significantly
influenced by the background fluorescence in the visible range.
Therefore, a confocal Raman spectroscopy with a 532 nm
excitation laser requires a very high power laser source (>100
mW) to increase the signal-to-noise ratio, which is not suitable
for in vivo subject testing. Previously, we developed a CRS
system with a flexible handheld probe and quasi-simultaneous
dual-wavelength source solution to mitigate this problem by
incorporating a fast fiber switch and dual-pass band filter."®
However, the consecutive acquisitions by two wavelengths at
each depth still required separate exposures, which is time
consuming. Besides, the fiber switch had high insertion loss
(loss >40%), and it increased the system complexity. Recently,
Kiefer proposed a Raman fusion spectroscopy utilizing
simultaneous dual-wavelength excitation and on-chip spectra
fusion."” Univariate and multivariate data analyses were
applied to analyze an aqueous dimethyl sulfoxide (DMSO)
solution based on intensity variation for each pixel.'* Although
DMSO concentration was well quantified in the proof-of-
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concept experiment,20 it is not representative of skin
characterization whereby the skin is made up of a complexed
mixture of chromophores at different depths.

To overcome these challenges, we developed a novel and
miniaturized handheld confocal Raman probe with a
simultaneous dual-wavelength light source through a compact
wavelength combiner. The new portable probe design, which
improved the signal collection efliciency by 30%, is smaller
than the first generation design by 50%,'® which makes it one
of the smallest handheld confocal Raman probes (120 mm X
60 mm X S0 mm) that can achieve depth profiling
measurements on different positions of human body. More
importantly, we implemented a simultaneous dual-wavelength
excitation scheme by replacing the fiber switch with a more
robust and efficient wavelength combiner. This is the first dual-
wavelength simultaneous excitation confocal Raman spectros-
copy that can cover both FP and HW regions with a single
sensor and a single exposure. A first-of-its-kind precise Raman
spectra separation algorithm (PRSSA) based on a maximum a
posteriori probability (MAP) estimate was developed to
decouple the on-chip fused FP and HW spectra for further
unmixing and quantification. The total acquisition time can be
shortened by greater than 50%, compared to commercial and
previously reported CRS systems,'® which require two
consecutive excitations and repeated measurements. The
performance of our new probe and PRSSA was then validated
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by both a phantom experiment and in vivo human skin
measurement.

B SYSTEM DESIGN AND IMPLEMENTATION

Instrument Setup. In our first generation probe design, we
reported a handheld Raman probe with a fiber switch, which
still required two consecutive exposures to obtain the FP and
HW spectra in sequence, thus could only achieve quasi-
simultaneous measurement.'® Although it has good perform-
ance, there is a big technical gap from a real-simultaneous dual-
wavelength excitation system, which would take only a single
exposure to obtain both FP and HW spectra. Meanwhile, the
fiber switch is not robust enough with a high insertion loss
(>40%). Therefore, a brand new optical design of the handheld
probe was developed, as shown in Figure 1(a). The light
source module is a fiber-coupled input of light, which consists
of two wavelengths (671 and 785 nm) laser beams. A
collimating lens is used to collimate the laser beam from the
single-mode fiber, and a dual-passband laser cleaning filter
(DPLCF) eliminates the fluorescence or other unwanted
wavelengths from the fiber. The dichroic beam splitter is
placed after the DPLCF to reflect the dual-wavelength light
beam to the objective lens. While the dual-laser beam shoots
on the object, both the Rayleigh scattering and the Raman
scattering will be collected by the objective module. A majority
(~90%) of Rayleigh scattering will be reflected by the dichroic
beam splitter to the light source module, while the remaining
10% will be blocked by the long-pass filter with a cut-on
wavelength of 809 nm. Instead of using a lens, a focusing
mirror after the long-pass filter will reflect and focus the
emitted Raman signals into a multimode fiber. With this new
design, both the excitation fiber and signal collection fiber can
be placed at the same side, instead of being positioned
perpendicular to each other in the previous design, which
reduces the size by 50% and makes the probe more convenient
for handheld operation. Furthermore, different from other
handheld Raman spectroscopy systems which normally require
a high power laser source (>50 mW), owing to the high signal
collection efficiency of the probe, our system can use low
power lasers (5—20 mW), which is safe for in vivo biological
tissues.

Figure 1(b) shows the schematic of the simultaneous dual-
wavelength source CRS system. Compared with the generation
1 design, the fiber array multiplexing module was replaced by a
high transmission efficiency (>90%), 2-to-1 wavelength
combiner multiplexer (WDM) (NR75A1, Thorlabs), and the
two CW lasers of 671 and 785 nm were shot simultaneously
through the single-mode fiber (SMF) with a 0.12 numerical
aperture (NA) and combined by the WDM into the single-
mode fiber. A microscope objective lens (NIR Apo 60X 1.0 W,
Nikon) is mounted on a customized miniaturized linear motor
to implement depth profiling. The movement of the motor can
be controlled by the laptop, and the position of the objective
lens will be autocalibrated before each measurement to ensure
the accuracy of the confocal depth. The delivered power of 671
and 785 nm lasers are 7 and 19 mW, respectively. The
emission fiber connects to a near-infrared spectrograph
(Kymera 193i) with a back-illuminated CCD camera (iDus
416, Andor Technology). The response signals for different
wavelength lasers will be calibrated with the quantum
efficiency curves that are provided by Andor Technology.
The spectra data are acquired by the laptop for further
processing.
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Photographs of the handheld probe and the prototype of the
system for clinical studies are shown in Figure 1(c). The
handheld probe is mounted on a six-axis mechanical arm,
which is attached to a portable base, where the rest of the
system components are housed. The arm and base enable the
probe to be placed at any position and angle, allowing depth
profile data to be acquired from any part of the body. This
minimizes movement during measurement as well.

Experimental Section. A water immersion objective with
high magnification and NA is used to increase the throughput
of the CRS system. Conventionally an oil or water immersion
objective is placed upright in a benchtop system,'' as it
requires a stable base for the liquid to sit in, which is not
always practical in a clinical setting, so it is very common for
the probe to be in a tilted position to image various parts of the
skin in the body. To overcome this, we developed a skin
adhesive with a small reservoir in the center to hold the water
as shown in Figure 1(c). The diameter of the circular reservoir
matched that of the objective opening on the probe casing. In
this way, the probe casing can be attached to the skin adhesive
to prevent the spillage of water. The skin adhesive is made of
disposable plastic, which is cost effective and safe. After placing
the skin adhesive on the region of interest (ROI), ie., cheek,
the three joints of the mechanical arm are unlocked, and the
protruding end of the probe is placed on the adhesive. Once
this is done, the three joints of the mechanical arm can be
locked. Water is then filled from the opening in the probe with
a syringe and needle. With this novel setup and workflow, the
handheld confocal Raman probe can measure any part of a
body in a stable and robust way, leading to good data quality.
The detailed workflow with the experimental illustration is
described in Supporting Information, Section I.

Data Preprocessing. While the excitation light illuminates
biological tissues, the Raman scatter will be affected by broad
background noises. The background interferences, including
the intrinsic fluorescence, and other stray lights, are usually
several orders of magnitude stronger than Raman signals.
Hence, the elimination of the background noise from the raw
signal before data processing is necessary. Fortunately, there is
a significant shape difference between the broadband
fluorescence background and the sharp Raman peaks.
According to the background noise subtraction methods
published in literature,””~>* we use polynomial fitting (PF)
as the baseline estimation algorithm. Since dual-wavelength
lasers (671 and 785 nm) were used in this study for the
excitation of Raman scattering, the Raman spectra of the two
lasers will be superimposed within the 810 to 950 nm
wavelength region, with the PF order being 9 for the baseline
estimation. Therefore, the corresponding wavenumber of the
Raman spectra after the background removal will be allocated
at the FP region (450—1750 cm™') and HW region (2800—
3800 cm™') separately.

Here, we have developed a new algorithm, PRSSA, for
accurate separation of the superimposed FP-HW Raman
spectra. To validate the algorithm, we also acquired FP and
HW Raman spectra with consecutive 671 and 785 nm
excitations as the ground truth of the separated spectra for
comparison. While the raw data have been acquired by Raman
spectroscopy, we used the MATLAB polynomial curve fitting
function to determine the best PF order of FP, HW, and FP-
HW Raman spectra curves separately. The Raman spectra were
calculated by subtracting the PF baseline from raw data.

https://doi.org/10.1021/acs.analchem.2c05065
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We proposed the PRSSA, which can achieve simultaneous
dual-band Raman spectra acquisition and separation with our
dual-wavelength source handheld CRS. While the detailed
mathematical model and derivation process of the algorithm is
described in Supporting Information, Section II, the
concluding equation with the workflow of the application of
the PRSSA in a dual-wavelength source Raman spectrometer is
described here.

The PRSSA is developed based on the MAP estimate. MAP
is a point estimate of a difficult-to-observe quantity obtained
from empirical data.”>”® MAP incorporates the prior
distribution of the quantities to be estimated in it, or in
other words, it uses some preknowledge data to predict
unknown data under defined conditions. Based on the MAP
algorithm, the PRSSA requires three premeasurement
reference signals to decouple the dual-wavelength excitation
signal into two single-wavelength excitation results. The HW
and FP Raman spectra excited by 671 and 785 nm are fused in
the same wavelength region (810—950 nm), when measured
by the same Si-based spectrometer. This feature provides the
opportunity to differentiate the individual Raman spectra of
HW region excited by 671 nm and the FP region excited by
785 nm from a fused spectrum. The workflow diagram of the
spectra separation is shown in Figure 2. Before using the

Experimental measurement result

Pre-measurement results

Dual-wavelength
excitation reference

signal (A)
Laser 1 excitation —> In pUt
reference signal (B)
—> Output

Laser 2 excitation
reference signal (C)

Laser 1 excitation
result (B’)

Decoupled results

Figure 2. Workflow of the application of precise Raman spectra
separation algorithm (PRSSA).

PRSSA, it is necessary to confirm the object has the following
features:

(a) The object must consist of fixed components, which
means the concentration of each component can be
changed, but the variety of these components must be
the same in different samples. In this case, the
wavenumbers of feature peaks in the Raman spectra
will not be changed. Therefore, a dual-wavelength
excitation Raman spectra can be decoupled into two
spectra while each one contains the feature peaks of a
single-wavelength excitation Raman spectra.

The premeasurement results have no limitations on the
concentrations of the constituents of the target.

(b)
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However, three reference signals A, B, and C must be
acquired from the same sample, which means the
reference signal must meet the following:

A=B+C

(c) While the composition of the object has been changed,
the reference signals must be reacquired.

Once the above features can be met, the decoupling of the
dual-wavelength excitation result (A’) can proceed with
PRSSA with the following steps:

(i) Place the probe on the surface of a reference object and
turn on both lasers to measure the dual-wavelength
excitation reference signal (A).

(ii) Turn off laser 2 and measure the excitation reference
signal of laser 1 (B).

(iii) Turn off laser 1 and turn on laser 2, then measure the
excitation reference signal of laser 2 (C).

(iv) Remove the reference object and place the probe on the
surface of the RO, then turn on both lasers to acquire
dual-wavelength excitation (A").

(v) Use the polynomial fitting method to eliminate the
background noise of A, B, C, and A" and then use them
to calculate the laser 1 excitation result (B’) and laser 2
excitation result (C") by PRSSA.

Here, we provide the conclusion, while b, > 5c¢,:

b b
bo=b + [—" + "‘;](a,;
aVl an

— an)

’ Cﬂ bﬂcn ’
cn=cn+[—— 2](an—an)
a, a 1)
While ¢, > Sb,:
b b
by="0b + [—" - ”—Z”](a,’l - a,
a‘ﬂ an
c be
o =c,+ [—" + "2”](11," —a,
a, a @)
In other situations:
/ bn !’
b,=10b, + [—)(a,l —-a,)
an
G=c,+ [C—")w:, - a,)
a, 3)

where a,, b, c, and a, are the values of A, B, C, and A,
respectively, at wavelength n, while b, and c;, are the values of
the extraction result of B’ and C’, respectively, at wavelength n.

B RESULTS AND DISCUSSION

Phantom Experiment with Acetic Acid and Ethanol
Mixture. We first validated the performance of PRSSA using a
mixture solution of acetic acid (AA) and ethanol. From eqs
1—3, we must first acquire a group of reference signals: A, the
Raman signal of the mixture solution with both excitation
lasers, B, the Raman signal of the mixture solution with the first
excitation laser, and C, the Raman signal of the mixture
solution with the second excitation laser. Therefore, we

https://doi.org/10.1021/acs.analchem.2c05065
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Figure 3. Fluorescence background free results of acetic acid and ethanol in different concentrations. (a) Reference signals for PRSSA, which were
tested on pure acetic acid (AA) and ethanol with 671 nm laser, 785 nm laser, and dual-wavelength laser. (b) Extracted results of a 200 yL AA and
800 yL ethanol mixture solution from dual-wavelength excitation with PRSSA, compared with the tested results from single-wavelength excitation.
(c) Extracted results of a 800 uL AA and 800 yL ethanol mixture solution from dual-wavelength excitation with PRSSA, compared with that from
single-wavelength excitation. (d) Feature peak value of the FP (orange X) and HW (blue O) extracted results with different concentration of AA
and ethanol in a mixture solution, and the fitting line of these results.

Table 1. Correlation Ratios between Single-Wavelength Excitation Result and Extracted FP and HW Results of Mixture
Solution in Mixtures of Different Concentrations of Acetic Acid (AA) and Ethanol (E)

Correlation ratio 100 uL AA and 800 uL E 200 uL AA and 800 uL E 300 uL AA and 800 uL E 400 uL AA and 800 uL E 500 L AA and 800 uL E

671 nm/HW 99.53% 99.80% 99.61% 99.78% 99.69%

785 nm/FP 99.40% 99.66% 99.59% 99.53% 99.61%
Correlation ratio 600 #LAA and 800uL E 700 uL AA and 800 L E 800 uL AA and 800 uL E 900 yL AA and 800 uL E 1000 uL AA and 800 uL E

671 nm/HW 99.67% 99.68% 99.65% 99.46% 99.64%

785 nm/FP 99.75% 99.80% 99.72% 99.71% 99.71%
acquired a Raman signal of 1:1 AA and the ethanol mixture tested with dual-wavelength excitation to determine the
solution with 671 nm, 785 nm, and dual-wavelength excitation combination signal A’. The PRSSA was then used for the
lasers to get a group of reference signals: A is the Raman signal extraction of the FP (C’) and HW (B’) Raman signals from
that is excited by dual-wavelength excitation, B the Raman the combined signal. As shown in Figure 3(b) and (c), when
signal that is excited by a 671 nm laser, and C the Raman signal the volume of AA increased from 200 to 800 uL, the feature
that is excited by a 785 nm laser. It should be noted that once peak of AA increased at 785 nm excitation (855—860 nm
the reference signals A, B, and C have been acquired, they can region) and the feature peak of ethanol decreased at 671 nm
be used for the same mixture with different concentrations of excitation (845—855 nm region). Meanwhile, the ground truth
each component without affecting the validity of the algorithm. spectra are plotted as dotted lines, and the correlation ratios
Furthermore, for reference signal acquisitions, there is no between the extracted spectra and the ground truth were
special requirement of the concentration of each component. calculated. Table 1 summarizes the correlation ratios obtained
However, if the composition of the mixture solution changes, from the ten concentration combinations of the AA—ethanol
the reference signals must be reacquired on the new mixture mixture. More details and figures can be found in Supporting
solution. Information, Section III. The results illustrate that PRSSA has

After the reference signals were obtained, the mixture greater than 99% accuracy for the FP and HW spectra
solution with ten different concentration combinations (800 separation from a fused spectra (Table 1). Figure 3(d) shows

uL ethanol and 100—1000 uL AA with 100 uL step size) were the feature peak values in the extracted FP and HW spectra for
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the 10 mixture solutions with different ethanol and AA
concentrations. It can be seen that the value of the AA feature
peak at 785 nm excitation increased with the concentration of
AA while the ethanol feature peak at 671 nm excitation
decreased. When using first order polynomial fitting to fit these
results in a linear model, which are shown as dotted lines in
Figure 3(d), the R? values of the fitted lines are 0.9606 for
ethanol and 0.9821 for AA, demonstrating the linear
correlation between the concentration and the Raman peak
value.

In Vivo Skin Measurement. As human skin is made up of
a variety of complex compounds, the reference signal for every
pure component is tedious to obtain. Therefore, we directly
used 671 nm, 7 mW excitation (B), 785 nm 19 mW excitation
(C), and dual-wavelength excitation (A) Raman signals of
healthy human skin as the reference signals. (The recruitment
and measurement of healthy volunteers were approved by the
A*STAR Institutional Review Board (IRB), with reference
number 2021-098. The protocol title is “Testing and validation
of noninvasive optical technologies for translational biopho-
tonics innovation platform”.) This illustrates the convenience
of PRSSA in which the reference signal is not restricted by
special requirements. In Figure 4(a), the fluorescence-
subtracted dual-wavelength excitation Raman signal (A’) of
human skin is shown, which is the raw data acquired by our
prototype with a 1 s exposure time. After PRSSA separation,
two groups of spectra could be recovered from the raw data, as
shown in blue and orange, representing the Raman signal
generated by 671 nm excitation (B’) and 785 nm excitation
(C’), respectively. The ground truth single wavelength
excitation results were also measured individually for
comparison, as shown in the black dotted curve in Figure
4(a). The correlations between PRSSA recovered HW/FP
spectra (blue/orange solid curves) and the ground truth single
wavelength excitation spectra (black dotted curve) are 99.77%
and 99.44%, respectively.

Figure 4(b) further shows the FP and HW fluorescence-
subtracted Raman spectra of human skin at different depths,
which is enabled by the confocal depth profiling capability of
the prototype. Chemistry component information of the skin
in different depths can be determined by the signal intensities
in different bands, such as the Amide I band within 1600—
1700 cm™". Proteins and lipids are related to CH, bending,
which can be found within 1400—1500 cm ™!, and 1200—1350
cm™' is Amide III band (v(C—C) vibrational band failing is
within 800—1050 cm™). Similarly, in the HW region, the O—
H band from water (3350—3550 cm™) and the CH, band due
to keratin (2910—2965 cm™) were clearly shown in the
spectra, which can be used to determine the thickness of the
stratum corneum of the skin.”’ According to the literature, the
water content in the skin also can be calculated by the water—
protein ratio, which is the peak value in the O—H band region
(3350—3550 cm™") divided by the peak value in the keratin
region (2910—2965 cm™!). These Raman scattering peaks and
features could be detected, demonstrating the high perform-
ance of the PRSSA in the FP region. The black dotted curves
are the ground truth spectra acquired by single-wavelength
excitation. It has been clearly shown that the decoupled dual-
wavelength source confocal Raman spectra have high
correlation with the corresponding ground truth.
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Figure 4. (a) Extracted spectra from the raw signal by PRSSA,
representing the Raman spectra with the 671 nm excitation laser
(blue) and 785 nm excitation laser (orange). (b) Extracted FP and
HW Raman spectra at different depths, Depth 0 is the skin surface,
and the reference spectra are shown as black dotted curves.

B CONCLUSION

In conclusion, a simultaneous dual-wavelength source fiber-
based confocal Raman spectroscopy (CRS) system together
with a precise Raman spectra separation algorithm (PRSSA)
have been presented. The acquisition of in-chip fused FP and
HW Raman spectra of in vivo human skin and the precise
spectra separation by PRSSA have been demonstrated for the
first time. In the proposed system, 671 and 785 nm laser
sources are coupled into a handheld confocal probe by a high
efficiency wavelength division multiplexer to achieve simulta-
neous excitation through a single-mode fiber. The overlapped
Raman signals from both lasers are recorded by a silicon-based
dispersive spectrometer; then, they are separated into FP and
HW regions by PRSSA. The recovered FP and HW spectra
have high fidelity (correlation >99%) compared with the
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corresponding ground truth. Compared with other dual-
wavelength source Raman systems, our method realized true
simultaneous dual-band spectra acquisition and separation,
which reduced system and operation complexities significantly.
Meanwhile, the acquisition time can be shortened by greater
than 50%, compared to the conventional wavelength-switching
excitation Raman system. Furthermore, the dimension of the
new generation handheld probe has been reduced by greater
than 50% with 30% improvement of signal collection efficiency
compared with our first generation design,'® which makes the
system more compact and versatile for different measurement
sites in different application scenarios, such as skin sites
including the face, abdomen, forearm, and leg. The system has
big potential to be used for the diagnosis of various skin
diseases, for example, eczema or skin cancer, as long as
corresponding spectral databases have been developed.

PRSSA has been developed for the first time based on the
MAP estimate algorithm. This new algorithm can be used to
decouple overlapped signals with only one group of reference
signals. As long as the chemical composition of the object is
not changed, the reference signal can be reused to determine
the concentration of each component of the object. The
accuracy of the algorithm has been validated by comparing the
decoupled spectra with the corresponding ground truth spectra
from a mixture solution of AA and ethanol. This algorithm has
great potential to become a reference-free algorithm with
database development and artificial intelligence.

With the handheld probe, we have also successfully acquired
and separated the FP and HW confocal Raman spectra of in
vivo human skin with a single exposure at each depth. The
accuracy is greater than 99% along all depths. The
simultaneous dual-wavelength measurement can eliminate the
depth mismatch and mitigate patient’s discomfort caused by
prolonged acquisition time. The total scanning time is about 1
min for 10 depths, which saves greater than 50% of the time
compared with the commercial dual-band Raman spectroscopy
system.

Collectively, with robust optical implementation and high
ease of use, the system has great potential to become a valuable
point-of-care technology in routine clinical workflows,
especially in dermatological applications. Moreover, the
PRSSA provides a new solution to decouple two overlapped
spectra, which can be easily adopted by other confocal Raman
spectroscopy systems as well, to facilitate commercialization of
an ultrawideband high sensitivity Raman system for biomedical
and pharmaceutical applications.
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