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Introduction

Optimising Shifted Excitation Raman Difference
Spectroscopy (SERDS) for application in highly
fluorescent biological samples, using fibre optic
probesf

H. Sheridan,® A. P. Dudgeon,
N. Stone () *aP

abc j C. C. Day.° C. Kendall,®® C. Hall® and

Fibre optic probe based Raman spectroscopy can deliver in vivo molecular compositional analysis of a
range of diseases. However, some biological tissues exhibit high levels of fluorescence which limit the
utility of the technique, particularly when the fluorescence induces CCD etaloning, which can be particu-
lalry hard to remove in subsequent analysis. Furthermore, use of fibre probes can result in silica signals
superimposed on the biological Raman signals. Shifted excitation Raman difference spectroscopy
(SERDS) utilises a small seperation in excitation wavelengths to remove signals from fluorescence, room
lights, optical components and etaloning contributions, while retaining chemical signals from the sample.
In this study, we sought to measure the optimum SERDS spectra enabling reconstruction of a range a
narrow and broad peaks found in biological samples. A original wavelength of 830 nm was utilised with 7
different shifts between 0.4 and 3.9 nm to determine which gave the best performance. This range
roughly corresponds to the typical range of peak widths within biological Raman spectra at 830 nm exci-
tation; 0.41 — 3.25 nm or 6 — 47 cm™1. An wavelength shift of 2.4 nm was identified as optimal. Finally, a
fibre optic Raman probe was used to measure 2 human lymph nodes ex vivo to demonstrate the feasibility
of the approach with real-world examples.

tissues is a process prone to both inter- and intra- observer dis-
agreements, particularly for intermediate disease states.'*™*®

Raman spectroscopy is a label free, non-invasive technique
that provides highly specific biochemical analysis of
samples.'™ Its ability to probe the vibrational modes of the
chemical bonds within a sample has led to widespread investi-
gation within the area of disease diagnosis."”>® Chemometric
models based on Raman data can achieve sensitivities and
specificities up to or above 90%.””'" Thus, Raman spec-
troscopy represents a tool with the ability to outperform classi-
cal disease diagnosis methods; histopathology of cancerous
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In order to facilitate in vivo diagnosis, anatomical access
requirements typically require the use of fibre optic Raman
probes, which are amenable to incorporation into the existing
diagnostic pathway.'®' As such, Raman probes are being
developed for a wide variety of diseases and locations, includ-
ing cancers of the bladder,”**® GI tract,>*?® cervix,?”"*®
breast,”>*° brain”*' and lymphatic system.*"** The develop-
ment of such probes has greatly improved the clinical applica-
bility of the Raman technique,'®?°?* however the use of silica
fibres typically used within these designs adds to the
unwanted background contributions,'®%:>434:3>

Within the field, a common barrier to this in vivo
implementation can be the presence of strong auto fluo-
rescence signals when analysing biological samples, threaten-
ing to overwhelm the chemically-specific, diagnostically impor-
tant peaks.>*® An example of a spectrum with high levels of
fluorescence, and the resulting baselined spectrum, can be
seen in Fig. 1. Raman scattering is a relatively weak effect,
occurring for approximately one in every 10° incident photons,
meaning that it can be easily overwhelmed by the much stron-
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Fig. 1 (a) An example of a highly fluorescent, raw Raman spectrum of porcine liver (a particularly fluorescent organ) taken using a fibre optic

Raman probe at 830 nm. Mean of 15 x 40 second spectral measurements. (b) Corresponding baselined spectrum.

ger fluorescence signals.?® The strength of these fluorescence
signals varies across different sample types;’”*® lymph
nodes,*®*° prostate*' and breast tissue*® have all demonstrated
high levels of fluorescence.

Firstly, the fluorescence signals are accompanied by an
increase in the shot noise in the spectrum (J_r\/N), where N is
the measured photoelectron count in each pixel of the CCD.
This can overwhelm Raman signals, making simple back-
ground subtraction ineffective. Moreover, the background
signals produced by fluorescence can exacerbate the presence
of an optical effect known as etaloning, which serves to further
obfuscate true Raman signals.”® Etaloning is a process
wherein photons in the photosensitive region of the CCD
detector are reflected at each region’s boundary, and construc-
tively and destructively interfere with incoming photons to
create a ‘ringing’ pattern within the spectrum, that is wave-
length dependant.*>™*> These effects can combine to reduce
the efficacy of developed in vivo Raman diagnostic tools.

There are two main types of method for the reduction or
suppression of these unwanted fluorescence signals; hardware
and mathematical approaches. Hardware approaches range
from modifying the coatings or changing the CCD thickness,
shifting the excitation wavelength towards the Mid-IR region,
to time gated and frequency domain techniques.’®*® Each of
these techniques has associated drawbacks. A shift towards
Mid-IR excitation wavelengths reduces the excitation of the
electronic transitions associated with auto-fluorescence,
however it also reduces the intensity of Raman signals thanks
to the 1™* dependence of Raman scattering.>***” CCD
quantum efficiency also decreases. Time gating approaches
can be applied, whereby almost instantaneous Raman scatter-
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ing can be separated from delayed (ps) fluorescence emis-
sions. However, these approaches can suffer from limited
clinical applicability because of the high cost of the required
specialist equipment,”” and also are not successful in
applications wherein the fluorescence lifetime is comparable
to the laser pulse length or the time resolution of the
methodology.***® Frequency domain methods also require a
complicated experimental setup, which could create compli-
cations for clinical translation by increasing the overall foot-
print of the setup and reducing portability, or by making stan-
dardisation of the technology more difficult.*® Moreover, these
techniques are less effective in reducing the impact of fluo-
rescence when measuring samples with low Raman intensity,
such as for measurement of biologicals.>®*®

Mathematical approaches involve using different algor-
ithms to computationally remove the broadband background
signals after data acquisition.”®*® Whilst there are number
of methods that can achieve this at no extra experimental
cost (for example: polynomial fitting,>>*°" least squares
methods,*>*> and extended multiplicative scatter correction
(EMSC)*°~?), if the background signals have overwhelmed the
Raman signals, the application of these techniques may intro-
duce significant distortions to the spectral information which
can reduce the diagnostic potential. Each of these techniques
has to be tuned to each specific spectra analysed, which is
time consuming, and often struggles with structured spectral
backgrounds, such as those from lights, optics, and CCD eta-
loning contributions. For highly fluorescent samples such as
liver, fluorescence levels are so high that separating the

signals the background is not wusually
20,49

Raman from

possible.
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Shifted excitation Raman difference spectroscopy (SERDS)
is an alternative technique to remove fluorescence and other
unwanted spectral features. The underlying theory of the tech-
nique is that a small shift in excitation wavelength corresponds
to a small shift in the Raman peak bands, and no change to
the broadband fluorescence contributions. Thus, by obtaining
two spectra at slightly shifted excitation wavelengths, and then
subtracting one from the other, one can theoretically obtain a
difference spectrum which contains the chemically specific
information free from the fluorescence contributions. This
difference spectrum can then be integrated as a function of
the wavelength shift utilised in order to obtain a ‘pure’ Raman
spectrum, free from undesirable background signals.*®*97>2
Another benefit of the technique is its ability to simultaneously
remove etaloning signals from the obtained spectra.>®>>7*

Since being first reported in 1992, the SERDS technique has
been investigated in a variety of fields, including food inspec-
tion,>® security,”” agricultural®®*° and biological analysis,**>*>°
and conservation.®®! It has also been applied to a large variety
of different samples, ranging from ex vivo human tissues,** bac-
teria,®® fungi,®* heritage materials®>®® to polymers.®® In fact, the
technique has even recently been combined with a fibre optic
Raman probe design for in vivo assessment of nasopharyngeal
tissue, representing the first use of endoscopic SERDS within a
human cavity.*” Previous studies have demonstrated the ability
of the technique to remove strong fluorescent background con-
tributions even within spectra where the background intensity
outweighs the Raman signal in a ratio of 200: 1.>>

Traditionally, the ideal wavelength gap between excitation
wavelengths has been defined as half of the spectral band-
width of a typical Raman peak within the spectra. However,
this value can vary significantly within spectra of biological
tissues, both between and within different sample types, and as
such this criterion does not necessarily represent the optimal
choice.’®®* A 2017 study comparing shifts of 0.5, 1.0, 1.5 and
2.0 nm with 785 nm excitation determined experimentally that
the 2 nm gap provided the highest quality SERDS spectra.
Furthermore, within simulations completed in the same work,
the theoretical optimal shift was identified as 10 nm for protein
samples and 7 nm for lipid samples. The authors reported that
shifts larger than 2 nm were not possible to analyse, owing to
the filtration constraints of the optical setup.*’

A 2015 study using 785 nm excitation to analyse human
oral tissue compared shifts of 0.1, 0.3, 0.4, 0.5, 0.6, 0.9 and
1.0 nm, and determined that 1.0 nm gave the best results.*® A
2020 study measuring pollen samples compared shifts of 1.0
and 2.0 nm, and found that a 2.0 nm conferred optimal per-
formance.’® Given that Raman peaks can range in width from
6-47 cm™ ' (which corresponds to 0.41-3.25 nm at 830 nm
excitation),’®”7° even if the half width criteria is accepted, this
leads to a wide range of possible ideal wavelength shifts. It is
therefore valuable to compare as wide a range of excitation
shifts as possible within the experimental setup, in order to
determine the most effective shift to remove fluorescence and
etaloning contributions, whilst maximising spectral quality. In
addition, the use of the SERDS technique can facilitate a dra-
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matic reduction in the silica luminescent background signals
generated from the optical fibres.

In this study 7 different excitation shifts, ranging from 0.4
to 3.9 nm, were studied in a variety of biological samples in
order to determine which shift gave the optimal SERDS
spectra. To the best of the authors’ knowledge, this represents
the largest wavelength range tested in an experimental com-
parison of SERDS excitation gaps. After selection of the
optimal experimental parameters, proof of concept measure-
ments on two ex vivo lymph node samples were performed.

Experimental methods
SERDS setup

A tuneable Ti:Sapphire laser (M2 Lasers, SolsTIS 5000, Glasgow,
UK) was used to achieve each of the wavelengths studied in this
work (830.0 nm-833.9 nm). The laser light was launched into
the ‘delivery optics’ and then into a 200 pm, 0.22 NA patch
cable. The ‘delivery optics’ consisted of a laser safety beam
shutter (Lasermet, LS-10, Dorset, UK), followed by a complete
periscope assembly (Thorlabs, RS99/M, New Jersey, USA) with
attached broadband dielectric mirror (Thorlabs, BB1-E03, New
Jersey, USA). Subsequent to reflection by the periscope mirror
system, the laser light was focused onto a FC/PC adapter
(Thorlabs, SM1FC, New Jersey, USA) contained within a XY
translation mount (Thorlabs, CXY1A, New Jersey, USA), to
which the 200 pm, 0.22 NA patch cable was attached. The laser
light was then filtered by an 830 nm band pass filter (Thorlabs
L-830-10 #8835), housed within an in-line multi-mode fibre
optical filter mount (Thorlabs, FOFMF/M, New Jersey, USA). A
schematic of the experimental setup can be seen in Fig. 2a.

Within this work, two different Raman probe designs were
used and will be detailed in the following subsection. Both
probe designs utilised a long pass edge filter (Semrock, LP02-
830RU-25, New York, USA) within the same type of in-line
optical mount to filter the collected Raman signals. This light
was then delivered to the entrance port of a Holospec 1.8i
Kaiser spectrometer (Kaiser Optical Systems, HOLOSPEC-F/1.8-
NIR, Ann Arbor, USA). The internal slit size within the spectro-
meter (Kaiser Optical Systems, SLIT-50, Ann Arbor, USA) was
50 pm, and an Andor iDus 420 was used as the CCD (Andor -
Oxford Instruments, DU420A-BR-DD, Abingdon, UK). The
spectral resolution of the system was ~3.5 cm™".

The system was wavelength calibrated using a NeAr source
(Renishaw, Wootton-under-Edge, UK). Aspirin measurements
were also taken at each of the excitation wavelengths measured
in order to accurately monitor the shift in the Raman peaks.
Other standards (green glass, stainless steel, PTFE) were also
measured to monitor system performance.

For all SERDS measurements, the CCD readout rate was 33
kHz. The excitation wavelengths measured were: 830.0 nm and
seven shifted wavelengths listed for ease of description in
Table 1. For each SERDS spectrum, one shifted wavelength
spectra was subtracted from an 830.0 nm excitation spectrum
of the same acquisition time. During the calculation of these

Analyst, 2025, 150, 103-119 | 105
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(a) A schematic of the overall SERDS setup of the experiment, with a red inset box identifying the ‘probe + filtration’ part of the setup. (b)

Option 1 for the ‘probe + filtration’ configuration (Raman needle probe #1), used within all animal tissue measurements. (c) Option 2 for the ‘probe +
filtration’ configuration (Raman needle probe #2), used within the lymph node measurements.

Table 1 Wavelength shift number and the corresponding shifted wave-
length, in nm

Wavelength shift number Shifted wavelength (nm)

830.4
830.9
831.6
832.0
832.4
833.3
833.9

N U W N

SERDS difference spectra, the k factor method (described by
Korinth, F. et al.”>') was used to multiply the shifted excitation
spectrum by a factor ‘—k’, prior to subtracting it from the
830.0 nm spectra. The resulting difference spectrum was then
‘-zero centered’ (see Gebrekidan et al.*®) by the application of a
1D median filter with a frame length of 100.

For each measurement position on the sample surface, one
830.0 nm excitation spectrum was taken with an acquisition
time equal to the combined total of the SERDS spectrum, all
taken in the same location (to ensure a fair comparison of
performance).

Raman probe designs

For all of the animal tissue measurements within this work, a
simple 1 in 1 out fibre optic ‘Raman needle probe #1' was

106 | Analyst, 2025, 150, 103-119

used; schematically described within (Fig. 2b). It was created
in house and consisted of a 20G thinwall hypodermic needle
(Coopers Needle Works, Birmingham, UK) of 50 mm length
with 2 x 200 pm, 0.22 NA fibres (Thorlabs, FG200LEA, New
Jersey, USA) affixed inside with optically clear, fast cure,
medical grade adhesive (Intertronics, OPT5006-1-50G,
Kidlington, UK). One fibre was used for delivery and one for
collection. The collection fibre connected directly to the inline
filter housing using an FC connector, from where a 200 pm,
0.22 NA patch cable delivered the laser light to the spectro-
meter. The tip of the probe was polished flat, and the power at
the probe tip for all measurements was ~150-160 mW (pro-
vided by a pump laser power of 6.9 W).

For the lymph node measurements, a more complex probe
design was used; ‘Raman needle probe #2', demonstrated sche-
matically in (Fig. 2c). This setup was used as it conferred
higher overall signal levels than Raman needle probe #1, and
thus a reduction in acquisition time. The design consists of 1
x 200 pm, 0.22 NA laser delivery fibre (Thorlabs, FG200LEA,
New Jersey, USA), surrounded by 6 x 200 pm, 0.22 NA collec-
tion fibres, all contained within the bore of a 19G hypodermic
needle (Coopers Needle Works, Standard Size 19G Stainless
Steel Tubing, Birmingham, UK). This configuration is termed
‘6 around 1', as the laser delivery fibre is the central fibre, and
the 6 collection fibres form a ring around it. An FC connector
(Thorlabs, 30230C1, New Jersey, USA) connects the laser deliv-
ery fibre to the bandpass filter via the previously described in-

This journal is © The Royal Society of Chemistry 2025
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line multi-mode optical filter mount. The 6 collection fibres
are terminated within another 19G needle core; edge filtration
is achieved using the previously described optical mount along
with coupling to 7 x 200 pm collection fibres within a 19G
needle core. Post mountable V groove clamps (Thorlabs, VC1,
New Jersey, USA) are used to mount and perform a simple
alignment of the two needle cores. The 7 x 200 pm collection
fibres then deliver the collected signals to the spectrometer via
a custom-built FC connector to SMA linear bundle (Thorlabs,
FG105LCA-FBUNDLE, New Jersey, USA). All fibres were affixed
in place within the needle cores using optically clear, fast cure,
medical grade adhesive (Intertronics, OTP5006-1-50G,
Kidlington, UK). The tips of each of the needles were polished
flat, and the power at the probe tip for all measurements was
~150-160 mW.

Raman microscope measurements

A Raman microscope (Renishaw, inVia confocal Raman micro-
scope, BR010, Wotton-under-Edge, UK) was used to measure
samples using standard Raman spectroscopy with 830 nm
excitation. The system was calibrated using measurements of
silicon, an internal neon argon emission source, and a fluo-
rescent green glass sample. The laser power was set to 100%
(around 130 mW at the sample), a 50x objective was used and
the grating was 1200 1 mm™". Acquisition time was 3 x 1 s.

The samples measured were thick cut smoked porcine
muscle, and chicken breast (Tesco PLC, Welwyn Garden City,
UK), cut into ~2 cm x 2 cm pieces. Samples were removed
from storage at —80 °C and allowed to defrost at room temp-
erature for ~30 minutes, before being placed onto a custom
stainless steel slide (Grade 304 super mirror stainless steel,
Ulbrich, UNS S30400, Connecticut, USA, with dimensions of
75 mm x 24 mm x 0.9 mm) for measurement.

SERDS measurements

Non-fluorescent samples. The samples measured within this
experiment were thick cut smoked porcine muscle, and
chicken breast (Morrison Supermarket, Bradford, UK), cut into
~2 cm x 2 cm pieces and placed onto a stainless steel slide for
measurement. Measurements were taken using needle probe #1,
with each of the wavelengths tested at the same position on each
sample. Five measurements were taken at each of three posi-
tions, for a total of 15 measurements. Acquisition time was 2 s
for each of the spectra used to create the SERDS difference spec-
trum, and 4 s for the corresponding standard Raman spectra.

Highly fluorescent samples. The samples were bovine cheek
and porcine liver (Morrison Supermarket, Bradford, UK), cut
into ~2 cm x 2 cm pieces and placed onto a stainless steel
slide for measurement. For each of the wavelengths tested,
measurements were taken using needle probe #1, on the same
position on each sample, with 15 measurements in total and
acquisition times of 20 s and 40 s for the individual SERDS
spectra and standard Raman spectra, respectively.

Human lymph node samples. The ex vivo lymph node
samples measured within this work were obtained, following

ethical approval (IRAS Project ID: 258155), from
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Gloucestershire Hospitals NHS Foundation Trust. Consenting
patients with head and neck disease requiring diagnosis of
lymph nodes as a part of routine care had surplus lymph node
tissue removed with biopsy at surgery. Following excision, each
sample was sectioned with half being sent for histopathologi-
cal analysis and half snap frozen before transport and storage
at —80 °C. This work was carried out as a part of project
funded by NIHR (NIHR i4i, grant number II-LB-1117-20002).

Samples were thawed at room temperature for ~15 minutes
prior to measurements. Samples were placed on a CaF, sub-
strate for Raman spectral measurements and then snap frozen
using liquid nitrogen before being returned to the freezer.
Sample 1 was confirmed via histology report to be high-grade
non-Hodgkin lymphoma, and sample 2 was a reactive lymph
node (non-cancerous inflammatory). For each lymph node
sample, there were 7 measurement positions per sample, with
5 spectra taken at each wavelength at each position. All spectra
were obtained using Raman needle probe #2. The acquisition
time for the individual spectra used to create the difference
spectra was 10 s, and for the standard Raman measurement
the acquisition time was 20 s.

Data processing

All data analysis was carried out in MATLAB R2018a. Some
spectra were excluded upon visual inspection as a result of the
presence of cosmic rays (10 out of 240 spectra). Where baselin-
ing was used, an asymmetric least squares fit was utilised. All
principal component analysis (PCA) was carried out using the
inbuilt Matlab function ‘pca’, which includes mean centring
as a default pre-processing step, followed up with use of a
student t-test to determine the most statistically significant
PCs. Throughout the manuscript, where SERDS data is
referred to as ‘normalised’, this refers to the effects of the k
factor and mean centering processes.

Within this work, signal to noise ratio (SNR) and signal to
background (SBR) metrics were routinely calculated. For the
SNR measurements, the peak of interest was isolated from the
spectrum, baselined and then peak intensity calculated. For the
SERDS spectra, the height of the peak was calculated as the
height above the zero line. This peak intensity value was then
ratioed with the standard deviation of 5 pixels within a flat
region of the spectrum/difference spectrum. SBR was calculated
by ratioing the peak intensity with the average absolute value of
30 pixels of the broad silica background region, defined as the

area preceding the sharp silica peaks at ~426 and 485 cm™".

Results and discussion
Shift comparisons

Fig. 3a demonstrates measurements of Aspirin using the 8
different excitation wavelengths utilised to create the 7
different wavelength shifts. The separation between each of
the wavelengths can most clearly be seen for the series of peaks
centred at ~960 nm. From the excitation wavelength of 831.6 nm
there is a slight decrease in peak intensity with each increase in

Analyst, 2025, 150, 103-119 | 107
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Fig. 3 (a) Average aspirin spectra obtained using needle probe #1 and 8 different excitation wavelengths. Acquisition time = 5 x 1 s. (b) Mean

spectra of porcine muscle (i): 5 X 2 s spectrum taken using Raman needle probe #1. (ii): Difference (5 X 4 s) spectrum using a k factor + median filter
normalisation and 831.6 nm as the second excitation wavelength. (iii): Corresponding reconstructed SERDS spectrum. (iv): Complementary 3 X 1 s

Raman spectrum, taken with a Renishaw InVia Raman microscope.

wavelength, leading to a significantly reduced intensity for the
peak obtained with 833.9 nm excitation. This is because the
laser line filters used within this setup are optimised for 830 nm
excitation, and as such their transmission decreases outside of
the optimum ‘transmission window’, before eventually being
blocked altogether. Nevertheless, the ability to retain the same
filters as utilised within a standard Raman setup simplifies both
the instrumental requirements and the cost associated with the
setup. As a result, each of the wavelengths from 830.4 nm
onwards was combined with standard 830.0 nm excitation in
order to create 7 different SERDS wavelength shifts.

The next experiments measured both porcine muscle and
chicken samples with the 7 different wavelength shifts, before
comparing the resulting SERDS difference and reconstructed
spectra with the equivalent ‘standard’ Raman spectra. Samples
of porcine tissue and chicken were chosen owing to their

108 | Analyst, 2025, 150, 103-119

similar optical and mechanical properties as compared with
human tissue.”* Within the standard Raman measurements
taken with the fibre optic probes, an acquisition time was used
equivalent to the combined acquisition time of each of the
individual spectra used to create the difference spectrum. This
is because the noise of each individual spectrum is additive
within the resulting difference spectrum, and therefore this
represents the most truthful comparison to typical Raman
spectra.®® Given that porcine and chicken muscle samples are
not associated with high levels of fluorescence, the aim of
these initial tests was to evaluate the efficacy of the SERDS
technique in retrieving chemical signals from the sample of
interest, as well remove silica background signals.

Fig. 3b(i) shows the average spectrum of porcine muscle
taken using the Raman needle probe #1. Fig. 3b(ii) shows the
Raman difference spectrum of porcine muscle obtained using

This journal is © The Royal Society of Chemistry 2025
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excitation wavelengths of 830.0 nm and 831.6 nm. Fig. 3b(iii)
shows the corresponding reconstructed SERDS spectrum, and
Fig. 3b(iv) demonstrates the average porcine muscle spectrum
taken using a Raman microscope. The peak at 905.5 nm corres-
ponds to a Raman shift of 1004.6 cm™" and is identified as the
phenylalanine peak of porcine muscle tissue. The peaks at
915.5 nm (1125.2 em™ '), 943.8 nm (1452.7 cm™ ") and 962.2 nm
(1655.3 ecm™") correspond to the C-C skeletal stretch, CH; anti-
symmetric stretch and CH,—CH bend and amide I, alpha-helical
structures of porcine muscle tissue, respectively.”> Each of the
different types of spectra shown within this figure demonstrate
good agreement with the porcine peaks identified within the lit-
erature, confirming the ability of the SERDS technique to retain
chemical information from the sample.

The average spectrum taken using needle probe #1 shows
both silica background contributions (below ~880 nm) and
signals originating from the porcine sample (seen particularly
clearly above 900 nm). The SERDS difference spectrum contains
the same spectral signatures as the standard Raman needle
probe #1 spectrum, but the peaks are replaced with first deriva-
tive line shapes. This is seen most clearly in the peak at
~905 nm. With regards to the silica contributions, the contri-
butions between ~850-865 nm are significantly reduced within
the difference spectrum, although specific Raman peaks corres-
ponding to the silica fibres (865 nm, 874 nm) are not removed
in the same way as the broad background luminescent shape is.

The reconstructed SERDS spectrum appears to demonstrate
the same chemical peaks seen within the standard Raman
needle probe #1 spectrum, with a significantly reduced broad
background region (~850-865 nm) and an increase to the rela-
tive sample contributions. This can be seen as an increase to
the intensity of the peaks originating from the sample itself.
Furthermore, a comparison between the SERDS reconstruction
and the spectrum taken using the Raman microscope (a spec-
trum free of the silica contributions that result when measur-
ing with fibre optic probes) indicates strong agreement
between the two spectra. The silica peaks (865 nm, 874 nm)
are still present within the reconstructed spectra, however
similarities between the spectral signatures above 880 nm indi-
cate that the SERDS technique maintains important chemical
signals originating from within the sample.

Given that the technique maintains the spectral contri-
butions from the sample whilst also significantly reducing the
silica background, each of the 7 wavelength shifts identified
within Fig. 3a were compared to determine which combination
of excitation wavelengths led to the largest improvement to
data quality, and most effective reduction in fluorescence and
etaloning levels.

Highly fluorescent samples

In the next set of experiments, bovine cheek and porcine liver
samples were utilised to facilitate measurements with high
levels of fluorescence and investigate the ability of the SERDS
technique to remove these contributions, across each of the 7
wavelength shifts identified within the previous subsection.
Fig. 4a shows an example of two highly fluorescent spectra
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taken at wavelengths corresponding to wavelength shift 5
(830.0 and 832.4 nm), Fig. 4b shows the corresponding SERDS
difference spectra, and Fig. 4c shows the SERDS reconstruc-
tion. The baselined version of the 830 nm excitation spectra in
Fig. 4a can be seen in ESI Fig. 1.} It is clear to see that the eta-
loning contributions within the raw spectra are successfully
removed within both types of SERDS spectra. It can also be
clearly seen from ESI Fig. 27 that simply digitally shifting the
original bovine cheek spectra by the same amount of nm as
achieved experimentally does not remove the etaloning contri-
butions to the resulting difference spectrum. Furthermore,
this technique acts to obfuscate the Raman peaks within the
resulting difference spectrum.

This data demonstrates the ability of the SERDS technique
to successfully remove both general fluorescence background
and etaloning contributions from spectra, both of which are
important when measuring highly fluorescent tissue. It is also
clear from this data that the resulting difference and recon-
structed spectra are able to retain chemically relevant peaks
originating from within the sample; the peaks at 1004 cm™*
(phenylalanine®"7?), 1449 cm™ (CH, bend*>”?) and
1661 cm™" (amide 1>*7>7%) are commonly associated with bio-
logical samples. Therefore, for the next stage of analysis, each
of the different wavelength shifts were compared to see which
combination gave the greatest reduction in fluorescence and
etaloning contributions and best overall data quality.

An evaluation of the effect of changing wavelength shift
number on the achievable signal to noise ratio is an important
aspect of any assessment of the overall data quality, especially
given that the high levels of fluorescence within these samples
dramatically increases the overall count number and therefore
the noise levels within the spectra. The results of this analysis
can be seen within Fig. 5a(i) and (ii) with subplot (i) contain-
ing the difference spectra data and (ii) the reconstructed data.
This data shows that SNR increases with increasing wavelength
shift, to a peak at shift 5 (equivalent to 2.4 nm), before begin-
ning to decrease. Within the SNR calculations, wavelength
shift 5 provides the highest value for both sample types, for
both types of SERDS spectra. It is also clear from this data that
the use of the reconstructions provides higher SNR values than
those obtained using the difference spectra.

This increase in SNR with increasing wavelength difference
(until the peak at wavelength shift 5) occurs as a result of the
greater separation between the peaks; less overlap between the
peaks means that more of the intensity of the original spec-
trum at 830.0 nm is retained within the difference spectra.
This also allows for a more efficient combination between the
positive and negative sections of the split peaks, and thus a
higher SNR. Similarly, the increase in signal within the recon-
structed spectra results from the addition of the split peaks or
first derivative line shapes to form one single reconstructed
peak and is to be expected. However, for wavelength shifts 6
and 7, the reduction in Raman intensities associated with less
efficient filtration when increasing the excitation wavelength
outweighs the positive impact of increasing the separation of
the peaks.
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Fig. 4 (a) Average bovine cheek spectra taken with 830.0 nm and 832.4 nm excitation and needle probe #1. Acquisition time = 15 x 20 s. (b)

Corresponding average SERDS difference spectra, acquisition time = 15 x 40 s. (c) Corresponding average SERDS reconstruction.

This result corroborates literature reports of an increase in
the intensity of difference spectra peaks with increasing change
in the two excitation wavelengths; the previously discussed 2017
study comparing wavelength shifts of 0.5, 1.0, 1.5 and 2.0 nm
with a 784 nm excitation found that 2 nm shift gave the highest
intensity values within the SERDS spectra.'® Furthermore, simu-

10 | Analyst, 2025, 150, 103-119

lations within this work combined the resulting difference
spectra from shifts ranging from 0 to 12.6 nm with auto-corre-
lation calculations of pure Raman spectra and determined that
for lipid and protein samples the optimal shifts were 7 and
10 nm, respectively. These shifts were identified as optimal
because they retain a maximal amount of chemical information
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standard deviation of etaloning region.

from the original signals, although the authors noted that
owing to experimental constraints with optical filters, only
shifts of up to 2 nm could be tested within their experimental
setup. A 2015 study comparing 0.1, 0.3, 0.4, 0.5, 0.6, 0.9 and
1.0 nm shifts with a 785 nm excitation found that the 1 nm

This journal is © The Royal Society of Chemistry 2025

shift led to the highest peak intensities, when measuring
human oral tissue.*® Moreover, a 2020 study by Korinth et al.
noted that an excitation wavelength gap of 2 nm produced less
noisy difference spectra than a 1 nm gap.”® The results pre-
sented here demonstrate a good agreement with these trends.
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The next step in analysis was to calculate the signal
(~1453 em™" peak) to background ratio for the SERDS differ-
ence and reconstructed spectra as a function of the wavelength
shift number. Whilst the predominant aim of this” series of
experiments is to determine the optimum excitation wave-
length for the removal of fluorescence and etaloning signals, it
can be seen in (Fig. 4a) that silica signals are present within
the spectra (below ~870 nm). It is therefore valuable to con-
sider how the change in wavelength shifts affect the silica
background removal within highly fluorescent samples. The
ratio between the intensity of signals originating from the
sample itself and the silica background region within the
spectra serves as a metric for this analysis. The difference
spectra results are plotted in Fig. 5b(i) and the reconstructions
within Fig. 5b(ii).

It is clear from this data that there is a difference in trend
by sample type, for the difference spectra. The bovine cheek
values were higher than the porcine liver, although both
samples have a peak at wavelength shift 4 (2.0 nm), with
values of 5.63 and 2.97, respectively. The difference in trend is
that for the bovine cheek samples, SBR values begin fairly
high, peak at wavelength shift 4 and then begin decreasing,
whereas for porcine liver, values begin low, increase to their
peak and then remain fairly high until a large decrease at
wavelength shift 7 (3.9 nm). For the cheek samples, shifts 2-4
are the ideal candidates, whereas for the liver samples, shifts
4-6 offer the best silica removal performance. For both types
of samples, the sample peak intensity increases until wave-
length shift 5 as previously described within the SNR analysis.
However, within the cheek samples there is greater variation in
the silica background region as a function of wavelength shift,
and the success of the removal of the broad background
region begins to decrease at wavelength shift 4. This results in
a decrease to the SBR value at wavelength shift 5 and above.
Nevertheless, the average SBR values for the 40 s, 830.0 nm
excitation, standard Raman spectra of the bovine cheek and
porcine liver samples were 0.32 + 0.012 and 0.16 + 0.009,
respectively. Therefore, it is clear that the use of any of the
SERDS difference spectra results in a significant reduction to
the relative silica contributions (the minimum value obtained
across all parameters is 0.97 + 0.17, for porcine liver, wave-
length shift 7).

For the reconstructions, wavelength shifts 5 and 6 optimise
the removal of the broad silica signals with respect to the
signal intensity of the peaks originating from within the
sample. The SBR values obtained using the reconstructed
spectra are higher than those obtained with the difference
spectra, as a result of the increase in signal to the sample
peaks. This effect appears to outweigh the changes to the silica
region within the SERDS reconstructions, as both sample types
now demonstrate optimal performance at wavelength shifts 5
and 6. Once again, the values are significantly higher than
those obtained by the standard Raman spectra, indicating the
strength of the technique for removing silica contributions.

As a final point of comparison the standard deviation of the
1782-1817 cm™ " region was used as a measure of levels of eta-
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loning signals. The SBR values obtained by the standard
Raman spectra of the bovine cheek and porcine liver samples
were 173 + 8 and 262 + 13, respectively.

The results for the two types of SERDS spectra are shown in
Fig. 5(c); subplot (i) demonstrates the difference spectra
values, and subplot (ii) the reconstruction values. It is clear
that the etaloning removal performance is fairly consistent
across each wavelength shift, until shifts 6 and 7, with shift 7
demonstrating the overall worst performance. This is likely as
a result of the reduction to overall intensity associated with the
final two excitation wavelengths creating slight changes to the
etaloning pattern and therefore resulting in a less faithful
removal of the pattern, as well as relatively lower signals
caused by laser wavelength reaching the bandwidth of the
clean up filter.

The etaloning values obtained using the difference spectra
are consistently higher than those obtained using the recon-
structions, however, it is also clear from these results that the
reconstructed spectra have higher SNR and lower noise levels
than the SERDS difference spectra. Given that this method of
evaluating levels of etaloning simply uses the standard devi-
ation of the relevant region, it is possible that the etaloning
values appear higher in the difference spectra due to the
increased noise as compared to the simulations. Nevertheless,
it is clear from this data that both types of SERDS spectra
using wavelength shifts 1-5 significantly reduce the presence
of etaloning as compared to standard Raman spectra.

In conclusion, for this set up measuring biological tissue
samples, wavelength shift 5 (830.0 nm and 832.4 nm) is the
best option for increasing overall data quality whilst also
ensuring the most successful removal of etaloning contri-
butions within the spectra. Given that shifts 1-5 all produce
comparable etaloning removal, and that shift 6 shows lower
etaloning removal efficiency, whilst shift 5 consistently per-
forms well in other indicators of spectral quality, shift 5 is the
best option. Although wavelength shift 5 does not produce
optimal silica background removal in the bovine cheek differ-
ence spectra, the performance is still significantly higher than
standard Raman spectroscopy, and in all other comparisons
shift 5 gives strong (if not the best) results. Moreover, the
primary motivation for this work is reducing the etaloning
contributions, and as such, wavelength shift 5 represents the
optimal choice.

This result demonstrates good agreement with literature
reports that when measuring biological samples, it is ben-
eficial to use large wavelength shifts. The benefit of increasing
the wavelength is outweighed by the mismatch between the
excitation wavelength and the filtration within the setup for
shifts 6 and 7, resulting in shift 5 representing the optimal
choice within this work.

In terms of the performance of the difference and recon-
structed spectra, it is clear that the use of the reconstructed
spectra increases the overall signal levels originating from the
sample and therefore the signal to noise ratio, as well as
reduces the amount of relative silica contributions within the
spectra. It is important to consider that reconstruction of the

This journal is © The Royal Society of Chemistry 2025
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SERDS difference spectra has the potential to introduce distor-
tions into the dataset,”* however these results indicate even
the SERDS difference spectra outperform the standard Raman
data. This analysis demonstrated that the SERDS technique
has strong potential to make even samples with extremely high
levels of fluorescence measurable. It should be noted that the
acquisition times within these experiments is higher than
clinically applicable (20 s, 40 s), however, the needle probe #1
used to collect the data was a simple 1-in-1-out design. The
use of a needle probe with a higher collection efficiency would
enable a reduction to the acquisition time without sacrificing
the data quality.

Lymph node measurements

The long-term aim of this work is to identify the optimal para-
meters for utilising the SERDS technique, in combination with
Raman needle probes, for the assessment of highly fluorescent
tissue in vivo. Therefore, it is valuable to test the method with
human tissue samples to evaluate its potential. Wavelength
shift 5 was used to measure 1 cancerous and 1 reactive (a
benign inflammatory condition often mistaken for cancer’®)
lymph node, before standard Raman measurements were
taken as a point of comparison. To the best of the authors’
knowledge, these represent the first measurements of human
lymph node samples using the SERDS technique. Within these
measurements, a different Raman needle probe design
(‘Raman needle probe #2', described within ‘Experimental
methods - Raman probe designs’) was combined with the
tuneable Ti:Sapphire laser setup, which allowed for a
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reduction to the acquisition times whilst maintaining good
spectral quality.

Fig. 6a(i) demonstrates the average raw spectra for both the
reactive and cancerous lymph node, taken with 830.0 nm and
832.4 excitation. It is clear from the raw spectra that high
levels of fluorescence and etaloning are present within both of
the average spectra. Within the average cancerous spectrum
sub Fig. a(i)), the etaloning can most clearly be seen within
the ~950-960 nm region, although it also appears from
~965-980 nm. With 830 nm excitation, this corresponds to the
1521-1631 cm™" and 1685-1844 cm ™" spectral regions. As well
as these etaloning signals, both silica contributions and
signals originating from within the sample can be seen within
the average spectra. This is also true of the average reactive
lymph node spectra, with the intensity of the peaks originating
from the sample being higher, and the etaloning appearing to
predominantly affect approximately the same spectral regions
as in the cancerous spectra.

Fig. 6(b) demonstrates the average standard Raman (sub
Fig. (i)), SERDS difference (sub Fig. (ii)) and SERDS recon-
structed (sub Fig. (ii)) data for the reactive lymph node sample.
It is clear from this data that the same chemical peaks are
present within the each of the different types of spectra,
including the peaks at 1083 cm™, 1305 cm ™", 1442 cm™" and
1660 cm™". It is also clear that the use of the SERDS technique
results in spectra that show no visible etaloning signals, and
reduces the broad silica background contributions shown
within the raw spectra whilst retaining chemical information.
The standard Raman spectra show clear etaloning signals
within the ~1500-1640 cm™' and 1790-1912 cm™' spectral
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(a) Average: (i) cancerous, (ii) reactive lymph node spectra, taken with 830.0 nm and 832.4 nm excitation using needle probe #2. Acquisition

time = 5 x 10 s. (b) average: (i) standard Raman, (ii) SERDS difference and iii) SERDS reconstructed spectra from the reactive lymph node measured.
Acquisition time standard Raman spectra = 5 x 20 s. Acquisition time SERDS spectra = 5 x 20 s.
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regions. These can impact negatively on spectral classification
algorithms and should be minimised when possible.

This confirms the potential for SERDS to improve the data
quality when measuring lymph node tissue. The prominent
peaks within the average cancerous lymph node spectra
(Fig. 6a(i)) of 1007 cm™, 1305 cm™ ", 1442 cm ™" and 1661 cm ™"
are also conserved within both the SERDS difference and
reconstructed spectra (not shown here but seen in ESI Fig. 37),
indicating that the SERDS technique maintains chemical
peaks whilst also reducing levels of etaloning and silica
signals within the spectra.

Whilst only one lymph node of each pathology was
measured (and therefore limited conclusions regarding pathol-
ogy dependent signals can be drawn); within Raman spec-
troscopy the spectral regions of 470-1200 cm™},
1500-1700 cm ™', and the peaks of 980 cm™, 1080 cm™" and
1240 cm™" are commonly associated with carbohydrates, pro-
teins and the phosphate groups of DNA, respectively." More
specifically, a 2013 study of lymph nodes within the head and
neck identified a prominent peak at 1001 cm™" within their
data, attributed to phenylalanine within collagen.”” A 2019
study using Raman spectroscopy to investigate the differences
between reactive and primary cancer lymph nodes in child-
hood Non-Hodgkin Lymphoma cases’® also identified strong
peaks at 1006 cm™*, 1301 cm™', 1443 cm™' and 1667 cm™,
attributed to carotenoids, CH, CH, and CH; normal modes of
lipid, protein and collagen, normal modes of lipids, fatty acids
and proteins, and lipids and proteins, respectively. Both of
these studies also reported the presence of the same peak
locations across different pathology types for the lymph node
tissue, with subtle variations in intensity by classification. A
further 2020 study analysing both reactive and Non-Hodgkin
Lymphoma samples also identified peaks at 1448 cm™' and
1659 cm™" as the most prominent within the spectra.”®

It is therefore clear that the peaks shown within the spectra
in Fig. 6 demonstrate good agreement with literature reports
of the Raman peaks of lymph node tissue. It is noted within
the 2013 study that the typical trend for cancerous samples is
an increase in DNA contributions, owing to the dysregulated
growth of cells, however, the lymphocytes contained within
healthy lymph nodes contain strong nucleic acid signals and
as such when metastatic invasion occurs the corresponding
increase in epithelial cells causes an overall decrease to the
relative nuclear to cytoplasmic ratio.”” Interestingly, the peak
at 1083 cm™ " which is present within the reactive (and absent
in the cancerous) lymph node spectra, has been assigned in
previous studies to a C-C out of plane stretch’>”® of DNA."
With only one sample of each pathology measured it is not
possible to infer trends in chemical signals, however the
apparent correlation between the average spectra and literature
reports further demonstrates the potential of this technique.

In order to quantify the improvement in data quality gener-
ated through the use of the SERDS spectra, SNR, SBR and stan-
dard deviation of the higher wavenumber etaloning region
(1717.3 em™'-1753.5 ecm™") calculations were completed for
each of the different types of spectra for both sample types.

1
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The peak at 1444 cm™" was utilised for the ‘signal’ values in
these calculations. The results of this analysis can be seen in
Table 2.

When considering these values, it is clear to see that the
use of the difference spectra improves the relative silica contri-
butions to the spectra, and that the use of the reconstructions
further improves this trend. The improvement conferred by
the use of the reconstructions is significantly higher within
the cancerous samples. This is likely due to the fact that the
peak intensities within the standard spectra of the reactive
samples are already relatively high with comparison to the
silica signals. Therefore, the improvement is not as significant
as within the cancerous sample measurements, where the
sample contributions are smaller with respect to the silica
samples. It should be noted here that the SBR values for the
standard Raman spectra were calculated using processed (i.e.
baselined and SNV normalised) spectra, rather than represent-
ing the SBR for raw ‘standard’ Raman spectra.

The average SNR values for the cancerous sample data
demonstrates that the use of the difference spectra reduces the
achievable SNR, whereas the reconstructed spectra achieve a
much higher SNR than either the standard or difference
spectra. As previously mentioned, the SNR of the reconstructed
spectra is expected to be higher than that of the difference
spectra owing to the removal of fixed pattern noise and combi-
nation of the two halves of the split peaks.®® It has also been
identified within the literature that the use of the difference
spectra results in a SNR reduction when compared with stan-
dard Raman spectra of the same overall acquisition time as
the difference spectra. This is as a result of both the subtrac-
tion of the peak intensities from one another, and the addition
of the noise of each of the individual spectra.’* The values for
the reactive spectra once again demonstrate that the use of the
difference spectra reduces the achievable SNR, however, the
use of the SERDS reconstruction does increase the perform-
ance with respect to the difference spectra, but not with
respect to the standard Raman spectra. Once again, this is
likely due to the fact that the standard Raman spectra of the
reactive sample demonstrate much higher intensity levels than
the cancerous sample, and as such the SERDS technique does
not offer an improvement to overall signal to noise ratio. This
does however demonstrate the potential of SERDS to offer a

Table 2 Average and standard deviation values of signal (1444 cm™) to
background ratio (SBR), signal (1444 cm™) to noise ratio (SNR), and stan-
dard deviation of the etaloning region, for each of the different types of
spectra

Sample Spectra SBR SNR Etaloning
Cancer Standard 0.239 + 0.033 38.9+13 6.04 £1.1
Cancer Difference 2.89 +0.93 18.6 + 10.6 5.70 £ 0.91
Cancer Reconstruct 24 £ 2.6 164.2 + 46.6 495 +1.23
Reactive  Standard 1.79 + 1.41 280.1 + 230 19.0 £ 9.0
Reactive  Difference 17 + 11 155.4 +134.7  8.05 +2.73
Reactive Reconstruct 28+19 257.4 +195.6 6.79 + 2.58
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significant improvement to data quality within samples with
lower Raman signals.

It can also be seen within these values that the standard
deviation of the average SNR values is much higher within the
reactive sample spectra than for the cancerous. This is because
there is a large amount of variation within the spectra
obtained from this sample. To illustrate, Fig. 7 demonstrates
the average baselined and normalised standard Raman spectra
from the two main ‘types’ of spectral signal generated from the
reactive lymph node sample. It is clear from these spectra that
some measurements from the sample demonstrate spectral
signatures similar to those obtained with adipose tissue, and
that others show higher levels of fluorescence, inducing eta-
loning and some different Raman peak positions and intensi-
ties. It is well established within literature that lymph nodes
are often located within, or attached to, adipose tissue, and
that lymph fluid contains high concentrations of emulsified
fats.** This large variation in spectral signatures from within
the sample is not present within the cancerous spectra and
therefore accounts for this large increase in standard
deviation.

The etaloning values obtained confirm the value of the
SERDS technique for reducing etaloning. Both within the reac-
tive and cancerous samples the use of the difference and
reconstructed spectra results in a corresponding reduction to
the standard deviation of the etaloning region. Once again, the
difference between the SERDS and standard spectra are more
pronounced within the reactive samples, which is likely due to
the fact that the reactive samples had higher levels of etalon-
ing to be removed.

The acquisition times utilised within these measurements
(20 s total) are higher than would be required for use within
in vivo analysis. However, the needle probe design within this
setup (‘needle probe #2') facilitated the use of lower acqui-
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sition times than the 1-in-1-out probe (‘needle probe #1') used
within the measurements of animal tissue. There is also sig-
nificant further scope to increase the collection efficiency of
the design. This would be expected to result in a reduction to
the necessary acquisition times when measuring these highly
fluorescent samples.

Overall, this data demonstrates that the SERDS technique,
with an excitation wavelength shift of 2.4 nm, has great poten-
tial for the removal of both etaloning and broad silica back-
ground contributions to the spectra. Moreover, the use of the
technique retains the chemical signals originating from within
the sample. Whilst the use of the difference spectra reduces
the achievable SNR, the reduction in silica and particularly eta-
loning represents an overall improvement to data quality.
Moreover, the reconstructed SERDS spectra can actually result
in an improvement to the achievable SNR (as compared to
both conventional Raman and SERDS difference spectra) when
measuring samples with low levels of scattering. These results
highlight the powerful potential of the technique.

As a final step in the analysis, principal components ana-
lysis (PCA) was performed on the spectra from both the cancer-
ous and reactive lymph node, using both the standard Raman
spectra, and both types of the SERDS spectra. Given that only
one sample of each pathological type was measured within
this work, it is not possible to create a diagnostically accurate
or statistically relevant model using this data. However, given
the ability of PCA to identify statistical variance within a
dataset, the comparison between the standard Raman and
SERDS reconstructed spectra can elucidate whether etaloning
is a significant source of this variance for each data set.

The results of this analysis, along with a more in depth dis-
cussion, can be seen in ESI Fig. 4-6.1 The data clearly demon-
strates that the use of both of the SERDS spectra results in a
stronger statistical separation between the two pathology types

—Reactive Sample "Type 1"
—Reactive Sample "Type 2"
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Fig. 7 Average standard Raman spectra of the two main types of signals generated by measuring the reactive lymph node sample. Acquisition time

=5%x20s.
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than conventional spectra taken using the Raman needle
probe #2. Most importantly, the use of the SERDS spectra
removes the presence of etaloning from within the most sig-
nificant principal components, indicating that the highest
levels of variation originate instead from chemical changes
from within the sample. The loadings within these basic PCA
models also illustrate that the use of the SERDS technique
results in a reduction to the luminescent silica contributions.

Conclusions

Within these experiments, 7 different SERDS wavelength shifts
(between 0.4 and 3.9 nm) were evaluated for their impact upon
data quality; in terms of fluorescence suppression, signal to
noise ratio and removal of silica and etaloning spectral contri-
butions. Comparison between SERDS spectra and spectra
taken using a Raman microscope confirmed that the SERDS
spectra were able to retrieve the same chemical signals as are
present within ‘typical’ Raman spectra of tissue. Testing using
highly fluorescent porcine liver and bovine cheek samples
indicated that a combination of 830.0 and 832.4 nm excitation
provided the highest quality data, and significantly reduced
the levels of etaloning obtained within the spectra. This exci-
tation wavelength shift was then utilised to measure one can-
cerous and one reactive ex vivo lymph node sample, using our
more advanced #2 needle probe being translated for in vivo
applications. These preliminary proof of concept measure-
ments demonstrated a significant improvement in perform-
ance (a reduction in fluorescence, silica, and etaloning levels),
and a subsequent improvement in PCA discrimination when
using the SERDS spectra.
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