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Development of a near-infrared Raman
spectroscopy setup compatible with
fluorescence-guided surgery
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Gerwin J. Puppels*®

Near-infrared (NIR) fluorescence imaging using exogenous fluorescent agents provides whole-field
images in real-time to assist the surgeon in the excision of a tumor. Although the method has high sensi-
tivity, the specificity can sometimes be lower than expected. Raman spectroscopy can detect tumors with
high specificity. Therefore, a combination of both techniques can be advantageous. A complication that
must be addressed is that the NIR spectral region is favored by both techniques for (in vivo) tissue analysis.
When fluorescence and Raman emissions spectrally overlap, it becomes challenging or impossible to
detect the Raman signal. In this paper, by avoiding this overlap, we describe a Raman spectroscopy setup
capable of recording high-quality Raman spectra from tissue containing NIR exogenous fluorescent
agents. We identify an optimal wavelength interval (900-915 nm) for Raman excitation, which avoids both
excitation of fluorescent dyes and Raman signal self-absorption by the tissue. In this way, Raman spec-
troscopy can be combined with the currently most-used NIR fluorescent dyes. This combined novel
setup could pave the way for clinical trials benefiting from both fluorescence imaging and Raman spec-
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Introduction

Surgery with the aim to remove all tumor tissue is the main
treatment modality for most solid cancers. Clear surgical
margins are the main prognostic marker for survival in most
cases, and inadequate resection generally necessitates adju-
vant treatment, associated with increased morbidity, costs,
and even mortality. Inadequate resection of the tumor fre-
quently occurs, resulting in positive surgical margins.'
Although preoperative imaging provides important infor-
mation on tumor location, surgeons can only rely on visual
inspection and palpation to determine the tumor border in
the operating room (OR).
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troscopy to avoid positive margins in cancer surgery.

Intraoperative optical imaging can provide real-time feed-
back, aiding in tumor border identification. The combination
of whole-field fluorescence-guided surgery (FGS) and Raman
Spectroscopy (RS) can be ideal for this purpose.'™ FGS using
exogenous tumor-specific fluorescent targeting agents has
clinically demonstrated benefits for intraoperative margin
assessment.®'? It facilitates real-time whole-field imaging of
the complete surgical field at high sensitivity, but the signal
interpretation is complex, and specificity is limited, especially
for nonspecific agents. RS, on the other hand, can objectively
differentiate between malignant and healthy tissues with
high specificity at user-selected locations in the tissue.>™"”
Although these techniques can provide complementary infor-
mation, they have traditionally been considered mutually
exclusive because the low-intensity Raman signal can easily
become undetectable in the presence of exogenous fluorophores.

To overcome the interference of intense fluorescence
emission, several approaches have been developed, including
photo-bleaching,"® confocal detection," surface-enhanced
Raman spectroscopy (SERS),>° shifted-excitation Raman differ-
ence spectroscopy (SERDS),>'™>* polarization-resolved signal
detection,” and time-resolved signal detection (time
gating).>®*"*” However, if feasible, the most straightforward way

This journal is © The Royal Society of Chemistry 2023
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is to avoid the overlap of the RS excitation wavelength and
fluorophore absorption wavelengths.' This approach was used
by Puppels et al. in 1993, where lymphocyte subpopulations
were selected by means of fluorescence-activated cell sorting
(FACS, 488 nm excitation), and Raman spectra were obtained
with 660 nm laser excitation, thereby avoiding excitation of the
fluorescent labels.”® More recently, this approach was used to
identify breast cancer from the water content in surgical
samples containing patent blue dye.>®* While RS using 680 nm
laser excitation caused complete obscuration of the Raman
signal by the fluorescence of the dye, 785 nm laser excitation
allowed differentiation between tumor and healthy tissue in
human breast tissue specimens.

Due to the low sensitivity of silicon-based CCD detectors for
the wavelength range above 1000 nm, this approach remained
mainly limited to the fluorescent materials that emit in the
visible range (e.g., photosensitizers: PPIX, Verteporfin, and
Temoporfin).*** In 2015, a novel low-noise InGaAs detector
enabled the measurement of shot-noise limited Raman
spectra in the short-wave infrared (SWIR) region.>* Excitation
with a 976 nm laser allowed RS of otherwise highly fluorescent
pigmented skin lesions suspected of melanoma.*> However,
this laser shifts Raman emission in the high wavenumber
(HWN) spectral region to around 1.5 micron, where water
has a significant absorption band, causing Raman signal
absorption.

Tissue water content is an important discriminator between
tumor and surrounding healthy tissue and therefore must be
measured accurately.'®*® Therefore, an excitation wavelength
long enough to avoid the absorption band of exogenous fluo-
rescent agents whilst being short enough to avoid Raman
signal absorption by the tissue is required, including the spec-
tral region of the broad Raman water band between 3150 and
3800 cm™'. This paper presents the implementation of a
909 nm HWN Raman setup which avoids the absorption band
of the most used fluorescent agents and avoids significant
tissue self-absorption of Raman signal, thus enabling high-
quality Raman spectra measurements of highly fluorescent
biological tissues. The performance of the developed setup
was tested with phantoms and human tissues containing
several exogenous fluorescent agents.

Methods

RS systems

Three RS systems were used. The first system (hereafter
referred to as 671 nm RS system) was a custom-built multi-
channel Raman module (RiverD International B.V., The
Netherlands) equipped with a 671 nm laser (Crystalaser,
CL671-150-SO). HWN Raman spectra were recorded in the
interval from 2500 to 4000 cm™ ' using a thermo-electrically
cooled (—65 °C) back-illuminated deep depletion CCD (Andor
iDus 401, DU401A BR-DD, Andor Technology Ltd, UK). The
system was coupled to a fiber-optic needle probe (art photonics
GmbH, Germany) described in.?*

This journal is © The Royal Society of Chemistry 2023
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The second system (hereafter referred to as 976 nm RS
system) was an SWIR multichannel Raman instrument for
measurements in the HWV spectral region, using 976 nm laser
excitation.**

In the third system (hereafter referred to as 909 nm RS
system), the laser of the 976 nm RS system was replaced by a
909 nm laser (Model MDL-III-915L, CNI, China). The angle
of the diffraction grating in the spectrometer (BaySpec Inc.,
San Jose, CA, USA) as well as the position of the detector
(Cougar-640, Xenics, Leuven, Belgium) were adjusted to enable
measurement of Raman spectra in the HWN spectral region
excited by the 909 nm laser. Moreover, as compared to the
setup described in,** an optical fiber was added to the system.
Fig. 1 shows the schematic of the 909 nm RS system.

Fluorescence imaging systems

Three fluorescence imaging systems have been used in this
study. The Quest Spectrum 2.0 (Quest Medical Imaging B.V.),
hereafter referred to as the Quest camera, was used for intrao-
perative in vivo imaging in the OR during the resection. The
Quest camera was also used for ex vivo imaging of resected
tissues during residual tissue collection. The Pearl Trilogy
(LI-COR Biosciences), hereafter referred to as the Pearl, and
the Odyssey CLx Imager (LI-COR Biosciences), hereafter
referred to as the Odyssey, were used for ex vivo imaging of col-
lected tissues outside the OR.

Phantoms

An Intralipid 20% emulsion (Fresenius Kabi B.V., Netherlands)
was used to compare 909 nm and 976 nm RS systems. Bovine
serum albumin (BSA) phantoms with different water mass per-
centages containing exogenous fluorescent agents were pre-
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Fig. 1 Schematic representation of the experimental setup (909 nm RS
system). M: mirror, CFs: cleaning filters, L: lens, P: pinhole, LFs: longpass
filters, S: slit, VPH: volume phase holographic grating. Single optical
fiber (multimode, fused silica, core: 100 pym) is used for guiding laser
light to the tissue and scattered light back from the tissue. As compared
to the 976 nm RS system, the spectral laser-cleaning filters and beam
expander were changed to match the central wavelength and beam size
of the new laser, respectively. A pinhole (diameter: 25 pm) was also
added to the beam expander (Keplerian telescope) to spatially clean the
laser beam. The slit was replaced with a wider slit (width: 100 pm) to
avoid aliasing and also to increase the optical throughput of the system.
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pared to examine the ability of the 909 nm RS system to deter-
mine the water mass percentages. These phantoms comprised
of water, BSA (Sigma Chemical Co, USA), and one of three
exogenous fluorescent agents, SGM-101, Methylene blue (MB),
or Indocyanine green (ICG). MB and ICG are nonspecific fluo-
rescent agent used in intraoperative fluorescence imaging.
SGM-101 is a tumor-specific molecule that consists in a CEA-
specific, chimeric monoclonal antibody conjugated to a NIR-
emitting fluorochrome (BM104).>”*® BSA mass percentages in
the phantoms ranged between 2.5% and 25%, with 2.5% inter-
vals. SGM-101, MB, and ICG were added to final concen-
trations of 1, 10, and 100 pg ml™" to mimic the reported tissue
concentrations of these agents in the tumor during trials of
FGS [38-41]. Fig. 2 shows the prepared phantoms.

Specimen

Residual tissue (superfluous tissue after standard pathology
procedures) was collected (without interfering with standard
clinical procedures) from six patients with colorectal cancer
who had undergone FGS. The study was approved by the local
Ethics Review Committee (METC Erasmus MC: MEC-2019-
0794), and conducted in full compliance with the laws and
regulations of the Netherlands. All pieces of collected residual
tissue were checked with the Quest camera for fluorescence
signal. Raman measurements on fresh tissues were performed
directly after the resection. Raman measurements on frozen
tissues were performed after thawing.

Results and discussion

Amongst all currently clinically approved fluorescent agents
and those under clinical development, ICG has the longest
absorption wavelength." The 976 nm RS system has an exci-
tation wavelength that is more than 150 nm longer than the
absorption peak of ICG. However, the 3150-3800 cm ™ spectral
region of the Raman water band overlaps with the NIR water
absorption peak between 1400 nm and 1500 nm. This leads to
absorption of Raman signal in the tissue, which significantly
affects the Raman spectrum. This is illustrated in Fig. 3, which
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shows HWN Raman spectra of a phantom (intralipid 20%) col-
lected with the 909 nm and 976 nm RS systems with compar-
able optical pathways through the sample. Both spectra were
recorded using a single optical fiber with a sampling depth of
about 250 um.*® It makes clear that in applications that aim to
determine the water content of tissue, self-absorption of
Raman signal must be taken into account and avoided to the
extent possible by proper choice of laser excitation wavelength.

For the 909 nm RS system, the HWN Raman spectrum is
below 1400 nm where water absorption is negligible. The ICG
absorption peak is ca. 100 nm shorter than the laser wave-
length of the 909 nm RS system; however, the tail of its absorp-
tion spectrum reaches the laser wavelength. Therefore, the
amount of induced fluorescence in the 909 nm RS system is a
function of agent concentration in the tissue. To assess if the

20% intralipid solution

—909 nm RS system
——976 nm RS system
| self-absorption

Intensity [a.u.]

3000 3200 3400 3600 3800
Raman shift [cm '1]

Fig. 3 Intralipid 20% emulsion measured with 976 nm and 909 nm RS
systems (normalized to the CH band). The difference between the
observed intensities is mainly due to higher self-absorption of Raman
photons excited by the 976 nm laser as compared to the 909 nm laser.
The difference in the shape of the peak at the CH-stretching band is due
to the wider slit used in the 909 nm RS system.

Fig. 2 Prepared phantoms: SGM-101 (left), MB (middle), and ICG (right). In each row of vials, from left to right, the water percentage is reduced
from 100% to 75%, and the BSA percentage is increased from 0% to 25%. The bottom rows are blank solutions (no fluorescent agent). The bottom's
second, third, and fourth rows have fluorescent agents’ concentrations of 1 ug mL™2, 10 uyg mL™, and 100 pg mL™, respectively.
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induced fluorescence in the 909 nm RS system is negligible,
the BSA phantom study was performed with various concen-
trations of SGM-101, MB, and ICG. Typically, a few milligrams
of an agent are pre-operatively administered to the patient;
however, a considerable amount of the administered dosage is
cleared through the liver (excretion into bile and feces) and/or
through the kidney (excretion into urine).*” Therefore, the
absolute concentration of the agent in the target tissue is
much lower than the administered dosage. For ICG and other
agents (e.g., 5-ALA, and Cetuximab-800CW), absolute concen-
trations between 1 to 10 pg mL ™" are reported.**™**

Fig. 4 shows the result of the phantom study where the
water concentration in mass percentage of the BSA phantoms
was measured in the presence of SGM-101, MB, and ICG at
different concentrations. The water concentration of the phan-
toms was calculated from the ratio of the OH and CH bands,
as described by Caspers et al*® The results of the phantom
study showed that in the expected range for absolute concen-
tration in the tissue, the 909 nm RS system can determine the
water percentage with an absolute error below 1%. The absol-
ute error was calculated as the difference between the calcu-
lated and actual percentages. Therefore, it can be concluded
that the fluorescence interference in the 909 nm RS system is
negligible.

Table 1 presents the specification of the collected tissues
from patients and the utilized experimental systems.

Fig. 5 shows typical HWN Raman spectra measured with
909 nm RS system (top two rows) and 671 nm RS system
(bottom row) of tissues resected from FGS containing different
fluorescent agents. For each specimen, the measured spectrum
including both Raman and fluorescence is shown in the left
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box, and the Raman spectrum after subtraction of the fluo-
rescence background is shown in the right box. For tissues
measured with the 671 nm RS system (Fig. 5g-i), the Raman
signal to fluorescence ratio is very small. This makes proper
fluorescence signal subtraction needed for interpretation of
the Raman signal unreliable. The 671 nm RS system comple-
tely failed to present HWN Raman spectra from tissue contain-
ing ICG (g2). In h2 and i2 (cRGD-ZW800-1), the lipid/protein
band is not well separated from the water band due to the
intense fluorescence seen by the detector in the 671 nm RS
system. For tissues measured with the 909 nm RS system
(Fig. 5a—f) on the other hand, fluorescence signal background
is virtually absent. For each spectrum, the ratio of Raman to
fluorescence (R/F) in the CH-stretching band (2910-2966 cm™)
is shown. In the spectra measured with the 909 nm RS system,
R/F is a few thousand times greater than those measured with
the 671 nm RS system.

Typical laser wavelengths used in clinical Raman spec-
troscopy are 514 nm, 532 nm, 671 nm, 785 nm, 830 nm,
976 nm, and 1064 nm."®*” Fig. 6 illustrates the overlap of the
fingerprint and HWN Raman spectra of the above-mentioned
laser wavelengths as well as the laser wavelength used in the
current study (909 nm) with the absorption band of ICG,
SGM-101, and water. Raman spectra recorded by lasers with
wavelengths below 900 nm would increasingly suffer from
intense signal background of fluorescent agents. Although
laser excitation wavelengths of 976 nm and higher have been
shown to solve the problem of strong fluorescence signal back-
ground, its HWN Raman region overlaps with the water
absorption peak between 1400 nm and 1500 nm leading to sig-
nificant tissue self-absorption, which is difficult to correct for.

C e
';% il 5L [_Inoagent ICG
£ § 7 [|C_Isem-101
ES,|[ve
£ 24MJice
© 83 I #sD
ccld3r _—_——_—
5 8 : Range of fluorescent agent concentrations for :
s g 2 : tissue in FGS |
2z I ICG |
3 217 ! SGM B ice SGM e ’—x—‘ | SGM
@S | |
Sl 1 ™1 —= [ |
0 1 1 1 10 10 10 100 100 100

Agent concentration [ug/ml]

Fig. 4 Absolute error in determining the water mass percentage in BSA-water phantoms containing different concentrations of SGM-101, MB, and
ICG measured using 909 nm RS system. In the expected concentration of the fluorescent agent in the tissue during FGS, i.e., between 1 to 10 pg ml™,
the 909 nm RS system can determine water mass percentage with an absolute error of less than 1% in all three examined fluorescent agents.

Table 1 Specification of the collected tissues from patients and the utilized experimental systems

Patient Tissue type Agent used in FGS Fluorescence imaging channel RS system (tissue condition)
1 Colorectal SGM-101 700 nm 909 nm (thawed)

2 Colorectal SGM-101 700 nm 909 nm (thawed)

3 Omental flap (adipose) ICG 800 nm 909 nm (fresh)

4 Colorectal cRGD-ZW800-1 800 nm 909 nm (thawed)

5 Colorectal ICG 800 nm 671 nm (fresh)

6 Colorectal cRGD-ZW800-1 800 nm 671 nm (fresh)

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Raman spectra of resected tissues from patients treated with FGS using ICG, cRGD-ZW800-1, and SGM-101 measured with 909 nm RS
system (a—f) and 671 nm RS system (g—i). For each specimen, a fluorescence image captured by Odyssey/Pearl is shown. Each shown spectrum (for
both systems) is an average of 3 recorded spectra. The upper two rows (measured with 909 nm RS system) present very high signal quality.
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Fig. 6 Overlap of Raman spectra excited with typical laser wavelengths used in clinical trials, i.e., 514 nm, 532 nm, 671 nm, 785 nm, 830 nm,
909 nm, 976 nm, and 1064 nm with absorption spectra of SGM-101, ICG, and water. A laser wavelength below ~900 nm overlaps with the absorp-
tion band of exogenous fluorescent agents (left red shaded zones) and consequently hinders Raman signal by photon shot noise originating from
exogenous fluorescent agents. Excitation above ~915 nm shifts the HWN part of the Raman spectra toward higher water absorption (right red

shaded zone), resulting in intense tissue self-absorption.
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Therefore, 909 nm is the optimal wavelength which avoids the
absorption band of the most used fluorescent agents, includ-
ing ICG, and avoids significant tissue self-absorption of
Raman signal in both fingerprint and HWN regions.

Conclusions

We demonstrated the first fiber-optic RS setup capable of
acquiring high-quality Raman spectra from the resected tumor
tissue containing exogenous NIR fluorescent agents (including
ICG). High-quality Raman spectra are obtained due to high
Raman signal to fluorescence signal ratio. In this setup, the
Raman excitation wavelength does not overlap with the absorp-
tion band of most used exogenous fluorescent agents, nor
does the Raman emission wavelength overlap with the water
absorption band, therefore avoiding intense exogenous fluo-
rescence and Raman signal absorption, respectively. In the
rapidly growing field of FGS, the complementary information
provided by RS can be the long-sought answer to dealing with
many of the limitations as described by Keereweer et al.*® This
novel setup opens the door to clinical trials benefiting from
the complementary use of FGS and RS with the goal of avoid-
ing positive margins in cancer surgery.
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