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Abstract

For the majority of cancer patients, surgery is the primary method of treatment. In these cases, accurately
removing the entire tumor without harming surrounding tissue is critical; however, due to the lack of
intraoperative imaging techniques, surgeons rely on visual and physical inspection to identify tumors.
Surface-enhanced Raman scattering (SERS) is emerging as a non-invasive optical alternative for
intraoperative tumor identification, with high accuracy and stability. However, Raman detection requires
dark rooms to work, which is not consistent with surgical settings.

Methods: Herein, we used SERS nanoprobes combined with shifted-excitation Raman difference
spectroscopy (SERDS) detection, to accurately detect tumors in xenograft murine model.

Results: We demonstrate for the first time the use of SERDS for in vivo tumor detection in a murine
model under ambient light conditions. We compare traditional Raman detection with SERDS, showing
that our method can improve sensitivity and accuracy for this task.

Conclusion: Our results show that this method can be used to improve the accuracy and robustness of
in vivo Raman/SERS biomedical application, aiding the process of clinical translation of these technologies.

Introduction

For the majority of cancer patients, surgery is the
primary treatment method and requires accurate
characterization of the tumor location and margins by
the surgeon. Due to the lack of simple and safe
intraoperative  imaging  techniques, surgeons
commonly rely on visual and physical inspection to
identify tumors during surgery. The removal of the
entire tumor without affecting surrounding tissue is
essential in improving treatment outcomes. However,
tumor margins are difficult to identify, leading to
tumor recurrence or unnecessary removal of healthy
tissue, which can negatively impact long-term
survival and patient quality of life [1]. Final

histopathology reports take days and do not permit
margin assessment during surgery. Current practice
involves negative margins in surgical resection by
resecting normal tissue surrounding the tumor, which
can lead to large surgical defects. There is a critical
need for intraoperative techniques capable of accurate
non-invasive and real-time tumor detection that can
enhance the ability of surgeons to precisely remove
tumors, improving morbidity and mortality of cancer
patients.

Established imaging methods to assist surgeons
for tumor resection include magnetic resonance
imaging (MRI), computed tomography (CT), and

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 9

4091

positron emission tomography (PET). These imaging
techniques are invasive and expensive and are there-
fore currently used predominantly for neurosurgery
at specialized medical centers [2, 3]. The shortcomings
of these techniques have fueled research into
intraoperative optical imaging to address this unmet
clinical need. To this end, NIR-fluorescence
techniques have been widely explored for their use
with contrast agents [2, 4, 5]. However, fluorescent
contrast agents suffer from multiple disadvantages
such as photobleaching and limited depth
penetration. Additionally, autofluorescence from
biological structures in the tumor area can affect the
signal and lead to false positives [6].

Raman scattering can be used for in vivo optical
imaging as an alternative to fluorescence [7-9]. The
vibrational nature of this optical phenomenon
produces unique spectral signatures with sharp peaks
that are easy to identify over the autofluorescence
background. A drawback of this technique is the
inherently weak Raman cross section. Surface-
enhanced Raman scattering (SERS) can be used to
overcome this issue by amplifying the Raman signal
107-10"0-fold, reaching an ideal sensitivity for in vivo
applications [10-15]. SERS nanoparticles are used as
contrast agents in tumor detection, with several
unique advantages. These nanoparticles do not suffer
from photobleaching, can be multiplexed to image
different targets and passively accumulate in tumors
through the enhanced permeation and retention
(EPR) effect due to their nanometric size. Numerous
studies have demonstrated the use of SERS-
nanoprobes to detect and image tumors, ranging from
wide-area/whole-animal bioimaging to use as
endoscopy contrast agents and guidance for tumor
resection, among other applications [16-22]. SERS is
regarded as a powerful emerging technique that can
be used intraoperatively to overcome the
shortcomings of traditional tumor detection methods.
As an example, SERS can be used for the detection of
specific expressed biomarkers in tumors and can
potentially be used to detect tumors through the
cranium [23-26]. Our laboratory has developed a
surfactant-free and biocompatible synthesis of
metallic nanostars suitable for in vivo applications [27,
28]. These nanostars offer a strong SERS signal
enhancement on single particles due to the lightning
rod effect of its sharp peaks and can be easily tuned to
have surface plasmon resonance in the near infrared
(NIR) spectral range, which is ideal for optical
detection in wvivo [27]. Our group previously
demonstrated that these particles accumulate within
tumors through the EPR effect and demonstrated
strong SERS signal in tumor tissue[29]. We have also
demonstrated the use of gold nanostars for in vivo

photothermal ablation of primary sarcomas in mice
and optically modulated delivery of gold nanostars
into brain tumor [29, 30]. Furthermore, the combined
use of gold nanostars-mediated photothermal therapy
and immune-checkpoint inhibition was able to
achieve complete eradication of primary treated
tumors and distant untreated tumors in mice studies
[31, 32]. Despite the advances in biomedical
applications of SERS, these techniques remain
constrained to laboratory-based Raman microscope
setups or a dark room where spectroscopy measure-
ments are usually performed. These environments are
not ideal for surgical operation as it is important that a
surgeon has a strong light source illuminating the
area of interest. This light source, in addition to the
LED light from instrumentation screens, generates a
strong background that can lead to inaccurate Raman
detection [33]. With the development of methods that
can eliminate interfering background signals and
permits the accurate measure of Raman spectra, SERS
application will see an easy translation to clinical
settings. It is also important to note that Raman/SERS
tumor identification technologies are yet to be
translated into the clinics, while NIR-fluorescence is
currently used during surgery. Thereby, while the
advantages of Raman are clear, Raman-based
technologies have not undergone the same level
scrutiny of current state-of-the-art technologies.

Current standard background subtraction
methods commonly consist of post-processing data.
With these methods, Raman peaks are recognized
based on expected features, such as sharp variations
in signal intensity as a function of frequency. Despite
advancements in post-processing, these methods are
inherently incapable of recognizing a Raman peak
from background peaks. Post-processing methods can
also produce artifacts due to other sources of sharp
signal fluctuation (e.g., fluorescence fluctuation and
fringes). In addition, Raman peaks can have very
different features determined by the laser and optical
spectrometer used in the setup, making post-
processing methods not easily transferable between
different applications. To overcome these limitations,
alternative methods have been developed to extract
Raman signal based on a physical phenomenon rather
than on the digital data. Physical methods involve the
modulation of the Raman signal in time (i.e., time-
gating), polarization and frequency [34-37]. A pure
Raman spectrum in these methods can be extracted if
the modulation frequency is known, cancelling out all
other non-modulated sources of signal.

Although physical methods are very robust and
accurate, they often require complex instrumentation,
such as pulsed or frequency-modulated lasers or
polarization-dependent substrates. Shifted-excitation
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Raman difference spectroscopy (SERDS) has emerged
as a powerful technique for Raman signal extraction
based on a physical phenomenon [38-42]. This
physical method involves the use of a unique laser
excitation source that provides two slightly shifted
emission lines, close to the bandwidth of the Raman
peaks under analysis. Spectra resulting from the
excitation with these emission lines will only differ in
the frequency at which Raman peaks appear, not
modifying any background feature. Thereby, the
difference between these spectra will only contain
Raman information, cancelling any other source of
signal. Recently, a SERDS excitation source was
developed with spectral distance between the laser
lines of < 2 nm, while fitting in a fiber-coupled small
device (i.e., 100 x 60 x 40 mm?) [43]. The size of this
instrument combined with the absence of movable
parts, such as external gratings for wavelength
tuning, allows for the integration of the source in
portable Raman instruments for reliable and robust
measurements under field conditions [44]. We
previously demonstrated that this dual-wavelength
SERDS laser source can be combined with SERS-tags
in ex vivo biomedical application and with SERS
nanosensors to enable field detection of molecular
biomarkers [45, 46]. In our SERDS applications, we
demonstrated that this method can be used for the
rejection of strong and complex illumination sources,
such as fluorescent lights in a plant growth chamber
and sunlight in the field [44, 46]. The advantages
provided by SERDS make it a strong candidate for
integration into a portable Raman instrument for
accurate Raman measurements in the operating room.

Reported herein is the first demonstration of
SERDS to detect tumors in murine models in vivo. We
first tested the SERDS setup on a 3D-printed phantom
recently developed at the U.S. Food and Drug
Administration (FDA), to simulate the scattering and
strong fluorescence background experienced from
human skin [47]. We then tested the SERDS setup
tumor-bearing mice injected with SERS nanoprobes.
In these experiments we used the surfactant-free
silver coated gold nanostars coated with silica
(AuNS@Ag@Si0,), previously developed by our
group [28]. We demonstrate accurate detection of
tumor tissue in a cohort of 6 mice. As shown herein,
SERDS can be used to accurately extract the
Raman/SERS signal in the laboratory and in vivo
experiments, both purposely performed in conditions
simulating those expected in clinical settings. This
work demonstrates for the first time the use of SERDS
for in vivo tumor detection, paving the way for the
adoption of SERDS for real-time intraoperative
Raman optical imaging. This approach will aid the
translation of Raman applications from lab to clinic,

giving surgeons a powerful tool for accurate real-time
tumor identification.

Methods

Materials

Gold(Ill) chloride trihydrate (HAuCl4 3H20),
L(+)-ascorbic acid (AA), trisodium citrate dihydrate,
sodium borohydride (NaBH4), 1.0 N hydrochloric
acid solution (HCl), Dulbecco’s phosphate buffered
saline (PBS), mercaptobenzoic acid (MBA), fetal
bovine serum, and 3,3'-diethylthiatricarbocyanine
iodide (DTTC) were supplied by Sigma-Aldrich at the
highest purity grade available. Silver nitrate (AgNO3,
99.995%) was purchased from Alfa Aesar. Thiol PEG
(mPEG-SH, MW 5000) and silane PEG (mPEG-Si
(OCH2CH3)3, MW 5000) were obtained from Nanocs.
1 mL disposable syringes were bought from VWR.
Ultrapure water (18 MQ cm) was used in all solutions
and synthesis. MB49 bladder cancer carcinoma cell
line (SCC148) was purchased from Millipore Sigma.
Indocyanine green (ICG) was procured from
Accutome and prepared in water immediately before
use. Tetraethyl orthosilicate was obtained from Tokyo
Chemical Industries. The ethanol used in the study
was from Koptec. Dulbecco’s Modified Eagle Medium
Ix with 45 g/L D-glucose and L-glutamine
(11995-065), penicillin/streptomycin  (15140-122),
0.25% tyrpsin-EDTA 1x (25200-56), and HEPES 1 M
(15630-080) were purchased from Gibco. Isoflurane
(NDC 14043-704-06) was procured from Patterson
Veterinary. The paraformaldehyde was purchased as
an aqueous solution (16%) from Electron Microscopy
Sciences and diluted to the required concentration on
the day of the experiments.

Silver Coated Gold Nanostar (AuNS@Ag)
Synthesis & Silica Coating

Polycrystalline spheres for the nanostar reaction
were synthesized using a modified version of the
Turkevich method [48]. Briefly, 15 mL of 1%
trisodium citrate were added to 100 mL of a 1 mM
boiling solution of HAuCly under vigorous stirring for
15 min. Finally, the solution was allowed to cool to
room temperature, filtered through a 022 pm
nitrocellulose filter unit, and maintained at 4 °C.
AuNS@Ag were prepared modifying a previously
described method [27, 28]. We used AuNS@Ag
because the silver-coating was observed to offer an
improvement of one order of magnitude in SERS
signal with respect to a AuNS [28].

For the lab tests, 10 mL of ultrapure water, 10 pL
of 1.0 M HCl and 493 pL of 5.08 mM HAuCls were
added to a round bottom flask stirring vigorously. In
quick succession the following were added to the
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solution: 100 pL of citrate capped seeds (ODs = 2.8),
100 pL of AgNO; (3 mM), and 50 pL of ascorbic acid
(0.1 M). After 30 sec of stirring, 50 uL of AgNOs (0.1
M) followed by 10 nL NH4OH (30%) were added to
initiate the silver coating. After 2 h, MBA was added
to the nanoparticle solution to a final concentration of
1 mM. The particles were then centrifuged at 6500 rcf
and resuspended in water before using the particles in
the SERDS experiments. The MBA-nanoprobes were
used in all lab tests.

For the mice injections and in vivo test, 400 mL of
ultrapure water, 400 pL of 1.0 N HCl and 197 uL of
500 mM HAuClswere added to a round bottom flask
stirring vigorously. In quick succession the following
were added to the solution: 8 mL of citrate capped
seeds (ODsy = 2.8), 400 uL of AgNOs (30 mM), and
500 pL of ascorbic acid (0.4 M). After 30 sec of stirring,
500 pL of AgNO; (0.4 M) followed by 400 pL. NH,OH
(30%) were added to initiate the silver coating. After 2
h, DTTC was added to the nanoparticle solution to a
final concentration of 5 uM, and the reaction was
allowed to sit overnight. The prepared solution was
brought to a final concentration of 1 pM mPEG-SH.
Following incubation for 1 hr, the particles were
centrifuged at 4000 rcf in 50 mL conical tubes. The
particles were dispersed in 2 mL of ultrapure water
and 9 mL of ethanol. To coat them with SiO, 30 uL
TEOS 10% and 200 pL. NH4OH were added to the

Raman

particle mixture and permitted to incubate for 1 hr.
The solution was washed at 4000 rcf and redispersed
in 9.5 mL of ethanol and 0.5 mL of ultrapure water.
The solution was capped with silane-PEG by adding
50 pL of a 5 mg/mL PEG solution. After incubating
particles for 1 h, the particles were washed in ethanol,
collected and concentrated 4000x in sterile PBS. Figure
1 shows a schematic representation of the synthesis of
the nanoprobes, the TEM micrographs of the
intermediates and final products, and the absorption
spectra of the solution during the synthesis. For
reference, the SERDS extracted spectra of the
nanoprobes used in the lab and in vivo experiments
are reported in Figure S1 of the Supporting
Information with the typical Raman bands of the
reporters labeled. The DTTC-5iO»-coated nanoprobes
were used for the studies in vivo.

3D-printed Tissue Phantom

The 3D-printed phantoms were fabricated based
on a previously reported method [47]. In brief, the
phantoms were designed in SketchUp Free (Trimble)
and printed using a mixture of 75% /25% white/ clear
resin on a Form2 (formlabs), a sterolithography 3D
printer that cures liquid photopolymer with UV light.
Indocyanine green (Afuo = 810 nm) was added to the
resin to a concentration of 10 nM, to simulate the
autofluorescence observed from the skin [49].
Fluorescence intensity of ICG in the resin is
approximately ten times higher than in water.
This printer has a laser spot size of 140 pm with
an axial resolution of 25 um. The phantoms
were designed with channels of 1-mm
diameter at different depths under the
phantom surface, from 0.5 to 3.0 mm. Optical
properties of the printer resin were determined
using the inverse adding-doubling (IAD)
method [50], with transmittance and diffuse
reflectance spectra of a 1-mm thick printed
sample measured using the 150 mm integrating
sphere module of the spectrophotometer
(Lambda 1050, PerkinElmer). The absorption

E "0 and reduced scattering coefficients at 800 nm
o 08- ==AMNSEAY were of 0.08 and 18.1 cm?, respectively (see
s — AUNS@Ag@SiO, S . Inf ion Fi )

2 ol upporting Information Figure S2).
N 7
g o4l Cell Culturing Conditions & Animal
S Model
y The MB49 cell lines were maintained at 37
. e o g o °C in an atmosphere of 5% CO,. Complete
Wavelength (nm) media for the MB49 consisted of DMEM with
10% fetal bovine serum, 1% penicillin/
Figure 1. A. Schematic representation of the nanoprobes synthesis used in the in vivo

experiments (intermediates: gold nanostar, silver-coated gold nanostar, coating with DTTC, final
nanoprobe). TEM micrographs of the gold nanostars (B), silver-coated gold nanostars (C) and
final nanoprobes (D). E. UV-Vis absorption spectra of the solution during the synthesis. All scale

bars are 50 nm.

streptomycin, and 1% HEPES. The cells were
cultured by aspirating culture media and
rinsing the flask with warm PBS. After
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5-minute incubation with trypsin and cell detachment
was observed, 15 mL of complete media was added.
Typically, 1 mL of cells (1 x 10* cells) was transferred
from previous flask to 25 mL of complete media in a
new flask. The cells were subcultured in T-75 flasks
and provided with fresh media every 2 to 3 days.
Cells were grown to ~ 80% confluency before use and
subcutaneously implanted into C57BL/6 mice
(250,000 cells) in the right flank. The tumors were
permitted to grow for 13 days and then the mice were
intravenously (IV) injected through retro orbital
injection with the nanoprobes at a dose of 100 pL of
33mg/mL in a sterile PBS solution. The in vivo
SERDS measurements studies were performed 1 day
after the injection of the particles. For the in vivo
experiments, the mice were anesthetized using
isoflurane and laid on heating blanket for the duration
of the spectroscopic measurements. The animals were
sacrificed on the day of the experiments, their tumors
harvested, fixed with 4% paraformaldehyde in PBS
overnight, sliced and stained (H&E) by the Animal
Pathology Core at the Duke School of Medicine and
reviewed by an animal pathologist. All animal studies
were approved by the Institutional Animal Care and
Use Committee of Duke University (protocol number
A176-17-07) and all methods were performed in
accordance with guidelines and regulations. Table S1
in the Supporting Information reports the volume of
the tumor in each mouse at the time of nanoprobes
injection.

SERDS Optical Setup

A dual-wavelength distributed Bragg reflector
(DBR) ridge-waveguide (RW) Y-branch diode laser at
785 nm was used as excitation light source for SERDS.
The laser diode is fabricated by metal organic vapor
phase epitaxy. The semiconductor chip is described in
more detail in a recent report [51]. The monolithic
device has a footprint of 3 x 0.5 mm? and consists of
two laser resonators formed by two DBR gratings on
the rear side and the front facet. Ridge waveguides are
implemented to guide the laser light and a Y-branch
coupler is used to realize a common output aperture.
Separate electrical contacts (Ci, Cz, Cy, and Cou) allow
an individual control of both excitation wavelengths
for SERDS. Two on-chip resistor heater elements are
implemented close to each DBR grating and enable an
adjustable spectral distance between the two
excitation lines with respect to the Raman bands
under study [52]. As described in our previous work,
a turn-key laser system was developed at the
Ferdinand-Braun-Institut and the dual-wavelength
diode laser was integrated into this device [46]. The
turn-key system provides direct mounting of an
optical cage system from outside the housing, which

is used for our experiments coupling the laser light
via two optical lenses into an optical fiber with a core
diameter of 200 pm and a numerical aperture of 0.22.
The turn-key system has a compact size of 100 x 60 x
40 mm?® and enables integrating the device into
portable sensor systems for work in clinical settings.
The excitation power used was of 10 mW and 27 mW
in the lab and in wvivo studies, respectively. The
excitation wavelengths were adjusted via the on-chip
heater elements to 784.1 and 785.5 nm, respectively for
}\() and 7\1.

In lab tests, the excitation fiber was connected to
a collimator (Thorlabs) and focused with a 2X
microscope objective (NA = 0.1, Thorlabs) on the focal
plane of a microscope (Eclipse Ti-U, Nikon). The
scattered light is collected using the same optics.
Stoke-shifted light passes a notch and a long-pass
edge filter (Semrock) and is launched into the
collection fiber. In the in vivo tests, the SERDS laser is
coupled to a RamanProbe (InPhotonics). The laser
beam is then focused onto the sample with a working
distance of 5 mm. The 180°-backscattered light is
collected by the probe. The probes were kept steady
on a clamp during the measurements to focus in a
specific spot on the anaesthetized mouse. In both
setups, the collection fiber is attached to an
LS785-PIXIS100 system (Princeton Instruments) with
a spectral resolution of 5 cm™. The spectra for lab tests
are a sum of 20 accumulations of 10 ms. The spectra
for in vivo tests are a sum of 25 accumulations of 1 s.

The SERDS reconstruction process was
performed by subtracting the A\g raw spectrum from
the A1 raw spectrum. This difference spectrum, also
called SERDS spectrum, was then flattened
subtracting the baseline (polynomial fit of 4th order),
to define the 0 in the SERDS spectrum. To remove
baseline produced by the integration, the flattened
difference spectrum was integrated, smoothed and
background-subtracted, using a Savitzky-Golay filter
(five-point window and first-order polynomial) on
MATLAB, obtaining the integrated SERDS spectrum.
This MATLAB Savitzky—Golay filter was also used
directly on raw spectra for comparison to generate the
background subtracted spectra via post-processing.

The data were also analyzed using principal
component analysis (PCA), comparing PCA
clustering on raw spectra and SERDS-reconstructed
data. PCA was performed on normalized data for
both sets on MATLAB, using the singular value
decomposition algorithm of the pca.m function of the
Statistic and Machine Learning Toolbox.

Multiphoton microscopy

Multiphoton images were taken using an
Olympus FV1000 multiphoton microscope (Olympus
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America) at the Light Microscopy Core Facility, Duke
University. Microscopic imaging was carried out
using a femtosecond Ti:Sapphire laser (Chameleon
Vision II; Coherent) with tunable wavelength ranging
from 680 to 1,080 nm, 140 femtosecond (fsec) pulse
width, and 80 MHz repetition rate. The laser beam
was focused through a 25x (1.05 NA)
water-immersion objective (XLPL25XWMP; Olympus
America). Images were taken under 800 nm excitation
and 3.7 mW. All images were collected over 10 dif-
ferent z-planes and reconstructed using FIJI (Image]).

UV-Vis and NIR

UV/Vis extinction spectra were acquired with a
FLUOstar Omega plate reader (BMG LABTECH).
Extinction spectra in the NIR were taken in the Shared
Materials Instrumentation Facility, Duke University
using a UV-3600 UV-Vis-NIR Spectrophotometer
(Shimadzu).

Transmission electron microscopy

Transmission electron microscopy (TEM) were
performed using a Tecnai G2 twin TEM (FEI) at the
Shared Materials Instrumentation Facility, Duke
University.  Nanoparticles  were  centrifuged,
redispersed in water diluted at least 3-fold from the
concentration as-synthesized and 10 pL of the solution
was drop casted on a TEM grid, formvar/carbon 200
mesh copper (Electron Microscopy Sciences).

A SERDS Mechanism
Raman
peak Background  SERDS spectrum Reconstructed
N, peak containing the SERDS (pure
: / derivative of the Raman spectrum)
i ! Raman peaks
o, A
i \ J
— - = \
A
C White light D

(broad background + fringes)

)
N
g
J

Intensity (countsx103 )
5 8 8 3

N
3

SERDS reconstruction

Results and Discussion

Demonstration of the SERDS signal extraction
under clinically relevant light conditions

SERDS can be wused to perform Raman
measurements in complex light settings, giving an
accurate reading of the Raman/SERS signal observed.
We demonstrated that this feature can be used in
SERS applications for tumor identification in vivo
under conditions expected for intraoperative or
clinical settings (Figure 2). Figure 2A describes the
basic process to recover the Raman signal via SERDS.
Raman spectra are collected using two NIR laser
excitations separated by 1.4 nm (i.e., Ao = 784.1 nm and
A1 = 785.5 nm), shifting only the Raman peaks as a
function of the excitation. The two spectra are
subtracted, producing a derivative-like spectrum
containing only the Raman information. Integrating
the resulting difference spectrum generates a
reconstructed SERDS spectrum, which only displays
the Raman contribution to the signal. This procedure
allows for the elimination of any type of non-Raman
background signal, including ambient background
light, spectral artifacts and sharp background
features. The mechanism of SERDS can be observed in
the data shown in Figure 2B, where the spectra for Ao
and A shift the Raman peaks while keeping constant
the background. To demonstrate the efficacy of
SERDS in removing complex background signal, we
simulated the background that can be experienced in

SERDS spectrum
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Figure 2. A. Theoretical representation of the SERDS mechanism for the extraction of Raman signal in the presence of a complex background signal. B. Raw spectra of SERS
nanoprobes excited with Ao and A1 and background spectrum. In the inset, a zoom over a region containing a shifted Raman peaks and unmoved background peak from the
spectra in B, with the relative SERDS (difference) spectrum of that region. C. Schematic representation of the experimental setup used to produce a complex background signal.
D. Resulting SERDS reconstructed spectra from the spectra in B E. Resulting background-subtracted spectra from the spectra in B, containing artifacts and background peaks.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 9

4096

clinical settings and used SERDS to extract the SERS
signal in comparison to a conventional form of
background subtraction. The background light was
simulated by combining a strong broad light source,
ubiquitous in clinical and surgical settings, and sharp
background peaks, potentially produced in clinical
settings by LED indicators and LCD screens (Figure
20).

Figure 2B shows the shifted Raman spectra of the
nanoprobes and the background signal. The latter is
composed both of a broad component and of sharp
features (background peaks and fringes). The inset in
Figure 2B shows the expanded figure of two specific
peaks, a Raman band and a background peak from
the LCD screen. As it can be observed, only the
Raman peak shifts due to the shift of the excitation
line using the dual-wavelength diode laser, while the
rest of the spectrum remains constant. When the
spectra are subtracted (SERDS spectrum), only the
Raman information from the spectra are conserved,
removing all background sources. The SERDS
reconstruction produces a pure Raman spectrum in
conventional form that shows the SERS signal from
the nanoprobes (NP), as it was demonstrated by
performing SERDS reconstruction on a sample not
containing nanoprobes (blank) showing
no-observable signal (Figure 2D). The NP spectrum
shows the typical Raman bands of the reporter used in
the nanoprobes. The blank spectrum in Figure 2D has
no significant signal because the background signal in
this experiment is made of non-Raman contribution
and using SERDS we are able to reject all the
background signal. To demonstrate the efficacy of
SERDS compared to conventional post-processing
background subtraction, we used a Savitzky-Golay
filter method developed in our laboratory on the same
data. This method smooths and flattens the spectrum,
highlighting sharp peaks in the data, such as Raman
peaks. The results obtained with background
subtraction can be observed in Figure 2E. The
Savitzky-Golay method is very powerful in
highlighting peaks in a spectrum; however, due to its
post-processing nature the method cannot distinguish
between background peaks, sharp artifacts and
Raman peaks, which is true for any post-processing
background subtraction. The use of SERDS permit to
reject all sharp and broad non-Raman background
signal, which cannot be done with post-processing
background subtraction. Additionally, when the
Raman signal is low with respect to broad
background signal, post-processing methods have the
potential to erroneously remove Raman peaks and
introduce artifacts, due to sharp spectral fluctuations
in the noise of the broad background intensity. In
contrast, SERDS uses a physical phenomenon (i.e.,

excitation-dependent wavelength shift) to find and
isolate the Raman peaks, which allows it to accurately
extract only Raman information.

In vivo applications of SERS are limited due to
the overwhelming background signal caused by
autofluorescence, which can cause inaccurate
localization of nanoprobes. To show the benefits
offered by SERDS in these applications, we
demonstrated that SERDS can be used to accurately
resolve the Raman signal in a tissue phantom
simulating autofluorescence from the skin (Figure 3).
The tissue phantom was 3D printed to produce a solid
material that matched the reduced scattering and
absorption coefficients of tissue, while having NIR
fluorescence spectrum of intensity comparable to
what has been observed on mouse skin. The phantom
contained multiple channels of 1 mm in diameter at
different depths. The channel at a 2-mm depth was
filled with a nanoprobe solution and scanned with a
Raman microscope across its diameter. The resulting
raw Raman spectra are reported in Figure 3A. The
change in intensity among the spectra is due to a
decrease in the fluorescence background when the
optical axis of the Raman microscope passes through
the channel. As can be observed, the fluorescence
signal overwhelms the Raman signal from the
nanoprobes, which is not visible in the raw data.
Figure 3B shows the SERDS reconstructed spectra
where the channel contribution can be observed for
the MBA band at 1588 cm™ (highlighted in the figure).
By performing a SERDS reconstruction, we are able to
extract the Raman signal of the nanoprobes and
observe the optical axis crossing the channel at the
spectrum corresponding to a 4-mm step. We compare
these results with a post processing background
subtraction method (Savitzky-Golay filter), shown in
Figure 3C. While the SERDS reconstruction is capable
of extracting the SERS signal, the post processing
method shows inconsistent signal intensities where
the MBA bands are expected. The intensities for the
1588 cm? (highlighted in the figures) band are
reported as a function of the displacement of the
scanning optics over the nanoprobes channel. Figure
3D is a graphic representation of the scanning
experiment and Figure 3E and F reports the SERS
intensity results as a function of scanning steps (1
mm/step) across the channel for SERDS
reconstruction and background subtracted data,
respectively. As can be observed in Figure 3E, the
signal from the channel is accurately detected while
crossing the channel in the SERDS reconstruction
data. The intensity reaches a maximum at 4 mm,
when the optical axis in aligned with the channel, and
its minima are at 0 and 9 mm, when the focus is
furthest away from the channel. In contrast, there is
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no correlation with the conventionally post-processed
data (Figure 3F). Using SERDS reconstruction, we
were able to extract only the Raman contribution to
the signal and detect the channel over the large
background fluorescence, consistent with what is
expected in clinical applications of SERS nanoprobes.
We also study how using SERDS can impact the
detection of SERS-tags through a highly scattering
and fluorescing phantom. The 3D-printed phantom
used in this study was fabricated with multiple offset
channels at increasing depth below the surface, as
previously reported [47]. We injected the channels
with MBA-nanoprobes and measured focusing the
laser at increasing depths. We found that, similarly as
for a single depth channel, the SERDS reconstruction
outperformed conventional Raman. We observed
signal from channels at depth of at least 3.5 mm using
the SERDS reconstruction, while for conventional
Raman the signal was not observable after 3.0 mm.
The results of this study are reported in Figure S3.

In vivo detection of tumors under ambient light
conditions

To illustrate the potential usefulness of SERDS in
clinical applications, mice were injected with bladder
carcinoma cells (MB49) in the flank. Tumors were
allowed to grow (with tumor sizes ranging from 20 to
102mm?) prior to intravenous injection of nanoprobes.
Two mice not injected with the nanoprobes were used
as negative controls. The presence of the tumors was
verified via histopathology. The nanoprobes used in

this study used a dye resonant in the NIR as reporter
and were coated with a silica shell, to gain more signal
enhancement through the resonance Raman effect and
to increase stability and  biocompatibility,
respectively. The nanoprobes” stability —was
demonstrated by detecting UV-Vis and SERS
spectrum of the nanoprobes in water, PBS and in FBS
over a time of 24 h (Figure 54 and S5 in the Supporting
Information). The stability tests revealed that the
particles were stable in buffer and serum (no
aggregation observed). A red-shift in the extinction
spectrum when incubated in serum was observed,
possibly due to protein corona formation. The SERS
signal was observed to be unaffected by serum
proteins retaining 87% of its original signal after 24 h
in serum. Figure 4 shows the comparison between
histopathology and multiphoton images of the tumor
tissues excised from the mice after the SERS studies.
The histopathology images showed a clear distinction
between tumor and muscle regions (Figure 4A). When
the same tissue was imaged on a multiphoton
microscope (Figure 4B and C), we observed the nano-
stars present in much higher concentration in the
tumor tissue than in the muscle. As previously
reported, the nanostars appeared as white dots in the
multiphoton images due to their strong two-photon
luminescence properties [27]. The accumulation of
nanoprobes, specifically nanostars, in the tumor due
to the EPR effect was previously demonstrated by our
laboratory [29].
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Figure 3. A. Raw spectra collected moving the Raman optics laterally across the nanoprobe channel in the 3D-printed phantom with a step of 1 mm. B. Resulting SERDS
reconstructed spectra from the data in A. C. Resulting background-subtracted spectra from the data in A. D. Schematic representation of the experiment. Peak intensity for the
1588 cm-! MBA band from the nanoprobes as a function of distance from the SERDS reconstructed (E) and from the background-subtracted spectra (F). The spectra in B and

C are offset for visualization.
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Figure 4. A. Histopathology image of a section taken from a harvested flank tumor, showing the tumor boundaries. B. Multiphoton image of the same slide as in A, showing the
tumor boundaries and the location of the NS (arrows). C. Multiphoton image of the same slide as in A, showing the tumor boundaries at a higher magnification. All scale bars are
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Figure 5. Raw Raman spectra collected on an anesthetized mouse in different points (n = 4) on tumor (blue and red) and normal tissue (black) for a control mouse in A and a
mouse injected with the nanoprobes in D. Resulting SERDS (difference) spectra for each point in A and D, for a control mouse in B and a mouse injected with the nanoprobes
in E. Average reconstructed spectra for tumor and normal tissue in control (C) and injected mouse (F). In C the typical Raman bands associated with normal mice tissues are
reported. In F, the Raman bands assigned to the Raman reporter on the nanoprobes (i.e., DTTC) are highlighted. The spectra in B, C, E and F are offset for visualization.

The mice injected with nanoprobes, as well as
the controls, were used in the in vivo SERDS studies.
SERDS signals were collected on the anesthetized
mice under ambient light using a Raman probe to
collect in multiple locations, both on tumors and
surrounding mnormal tissue. Figure 5 displays
representative  spectra for the measurements
performed on the mice. Figure 5A and D shows the
raw spectra (n = 4) from the tumor and normal tissue
in a control and injected mouse. Even if few peaks are
observable, fluorescence signal has the largest
contribution in the spectra. The SERDS (n = 4) and
average SERDS reconstructed spectra are displayed in
Figure 5(B,E) and (C,F), respectively. In Figure 5C, we
identified the Raman peaks observed in normal tissue
from the mice. A strong peak is observable at 952 cm™!
[53]. This band is associated to the bone POy and is
due to the fact that one of the spectra was measured
on the foot of the mouse, close to the flank on the
tumor-side. The other peak at 1448 cm is associated
with collagen and the CH» bending mode of proteins

and lipids [54, 55]. The 1653 cm! is associated to lipids
(C=C stretches) and amide (C=O stretching mode of
proteins, alpha-helix conformations) [56]. In Figure
5F, we identified the peaks associated with the Raman
reporter. The full spectrum of the Raman reporter is
available in the Supporting Information (Figure S1).
These data show the extraction of pure Raman
contribution through the SERDS reconstruction in the
data collected in vivo.

The raw data in Figure 5A and D also show the
advantage of using SERS over NIR fluorescence for
tumor detection. Our nanoprobes have inherent
fluorescence signal given from the Raman reporter
used (i.e., DTTC), which fluoresces in the NIR, similar
to dyes currently used for intraoperative tumor
identification [57]. These NIR-fluorescence techniques
are based on detection of fluorescence intensity. This
detection method can produce inaccurate results due
to variation in the intensity of tissue autofluorescence.
The results in Figure 5A show the tissue
autofluorescence observed in our measurements (no
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nanoprobes injected). The autofluorescence varied
widely, due to the optical setup imaging spots at
different light-incidence angles, as well as inherently
different autofluorescence. The injected mouse results
in Figure 5A show that it is impossible to distinguish
between tumor and normal tissue based purely on
fluorescence because of the variation in fluorescence
intensity due to the autofluorescence background.
Using our method, the accuracy of these
measurements is improved as we can reject
background signal by extracting the pure SERS
intensity of the nanoprobes.

Figure 6A shows a schematic representation of
the in vivo studies, within the inset is a photo of the
actual setup. The dual-wavelength SERDS laser was
coupled into a Raman probe to focus the laser on the
mouse skin. Then, the Raman signal was collected
through the same probe and detected with a
spectrophotometer. The average spectra (n = 4)
collected on the tumor or on normal tissue for the 6
mice are reported in Figure 6B. As it can be observed,
the SERDS spectra clearly show the Raman bands
characteristic of the Raman reporter, in contrast with
control and normal tissue. As a further demonstration
of tumor detection, the data for the 663-cm- band of
the Raman reporter are reported in the bar graph in
Figure 7. The SERDS signals observed for tumors
were significantly higher (p < 0.05) than for normal
tissue in mice injected with the nanoprobes. The
control mice did not show any significant difference
between tumor and non-tumor tissues. These studies
demonstrate that SERDS can be used to detect tumors
with SERS nanoprobes in vivo and under ambient
light, simulating what is expected in clinical
applications.

To demonstrate the advantage of SERDS over
post-processing background subtraction in these
experimental conditions, we compared our SERDS
results with results obtained using conventional

A Room lights ON Dual-wavelength laser B

Fiber to
spectrometer
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Wavelenght (nm)
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background subtraction (Figure 8). We used the data
from mouse #5 for the comparison, as this mouse had
the smallest intensity difference between tumor and
normal tissue. These data are an example of a
challenging detection situation that demonstrates
how the use of SERDS can be critical. Figure 8A and B
show the average SERDS and conventional
background-subtracted spectra, respectively. Figure
8C shows the results for the two main Raman reporter
bands (highlighted in Figure 8 A and B). The SERDS
reconstruction results in significantly different
intensities for both bands. In contrast, the
conventional background subtraction results showed
no significant differences between tumor and normal
tissues. As can be seen in the spectra, where in the
conventional background subtraction leads to the
peaks surrounded by artifact peaks generated by
sharp fluctuations in the fluorescence background.
When the Raman reporter peaks are small, they are
erroneously included in the larger artifact peaks, as it
can be clearly seen for the case of the 893-cm! band.
For the 663-cm band, the normal tissue intensity for
the conventional background subtraction is lower
because the method cannot distinguish the peak from
the artifacts next to it, which likely causes the large
variability in the tumor data. Thereby, the uncertainty
generated during post-processing background
subtraction due to non-Raman peaks and other forms
of background make these methods susceptible to
produce inaccurate results. On the other hand, the
SERDS procedure allows us to base the extraction of
Raman information on a real physical phenomenon,
which gives accurate results under ambient light
conditions.

To further demonstrated the capabilities of
SERDS, we analyzed the in vivo measurements using a
more complex statistical analysis method (i.e., PCA),
applied on the raw set of data and on the SERDS
reconstructed data. Figure S6 displays the clustering
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Figure 6. A. Schematic and photographic representation of the experimental setup used in the in vivo tumor detection studies, using the dual-wavelength SERDS laser, whose
emission spectra are reported in the inset. B. Average (n = 4 except for Normal tissue - mouse #6 n = 3) SERDS reconstructed spectra of normal tissue and tumor for the
different mice studied in this work. The spectra on the right of the panel (Tumor) have the same exact scale as the left (Normal tissue) to permit a visual comparison.
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of the PCA scores of the data for tumor and normal
tissue as a function of the first two principal
components in the analysis. We found that even with
complex statistical analysis methods, the SERDS
measurements outperformed conventional Raman
spectroscopy. The PCA scores demonstrates that
tumor and normal tissue were clearly separable when
using SERDS as compared to results from
conventional Raman spectroscopy. We believe that
these results are due to the fact that, independently of
the statistical prediction model used, rejecting any
type of interfering signal via SERDS produces more
accurate categorization by eliminating spurious
variance from the background signal.

Conclusion

In summary, we demonstrated the benefit
offered by the SERDS technique for in vivo tumor
detection using SERS nanoprobes. We first tested the
system with in-laboratory experiments, simulating
the conditions expected during surgery in clinical
settings. These tests showed that SERDS can be used
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to achieve greater accuracy than commonly used
post-processing background subtraction, due to the
ability of specifically recognizing and extracting the
Raman signal. Following these results, tumor
detection in mice in vivo using the SERDS method was
demonstrated. SERDS was able to detect tumors in
challenging conditions where post-processed spectra
did not show significant difference between tumor
and normal tissue. The latter method was unable to
differentiate between tumor and normal tissue due to
the presence of artifacts in the post-processing
spectrum, which caused an increase in the signal
variability and compromised results accuracy.

In conclusion, the uncertainty generated by
artifacts and spurious peaks during post-processing
background subtraction make such methods
susceptible to reporting inaccurate results. The use of
SERDS permits the extraction of Raman information
based on a real physical phenomenon, which relay an
accurate pure Raman spectrum even under ambient
light conditions. In surgical settings, it is crucial that a
real-time diagnostic tool is accurate to avoid
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Figure 7. Bar graph reporting the average SERDS intensity of the 663 cm-! Raman reporter band in the for normal tissue and tumor of the different mice in the experiment
(control and injected). The intensity of each SERDS measurement is also reported for completeness. The statistical significance for tumor detection (tumor - normal tissue

difference) is reported for each mouse.
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(SGOLAY) spectra. The statistical significance for tumor detection (tumor - normal tissue difference) is reported for each band in each method.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 9

4101

negatively affecting morbidity and mortality of cancer
patients. We herein demonstrate the superior
accuracy of our method compared to current standard
method for SERS signal extraction under conditions
expected in surgical settings (i.e., background lights,
strong autofluorescence and in vivo). It is noteworthy
that the nanoprobes used in this study can work as a
theranostics platform for cancer diagnostics as well as
for cancer therapy as demonstrated in our previous
mouse studies for in vivo photothermal treatment of
tumors, and photo-immunotherapy to eradicate
primary treated tumors and distant untreated tumors
and produce an “anti-cancer vaccine” effect [29, 31, 32].
Our method will advance the translation of
SERS-based tumor detection to clinical settings by
offering a means to minimize inaccurate results in
real-time and will permit the use of SERS methods
under lighting conditions expected in an operating
room.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v11p4090s1.pdf
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