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Achieving complete tumor resection upon initial surgical intervention can lead to better patient outcomes by making adjuvant
treatments more efficacious and reducing the strain of repeat surgeries. Complete tumor resection can be difficult to confirm
intraoperatively. Methods like touch preparation (TP) have been inconsistent for detecting residual malignant cell populations, and
fatty specimens like breast cancer lumpectomies are too fatty to process for rapid histology. We propose a novel workflow of
immunostaining and topographic surface imaging of freshly excised tissue to ensure complete resection using highly sensitive and
spectrally separable surface-enhanced Raman scattering nanoparticles (SERS NPs) as the targeted contrast agent. Biomarker-
targeting SERS NPs are ideal contrast agents for this application because their sensitivity enables rapid detection, and their narrow
bands enable extensive intra-pixel multiplexing. The adaptive focus capabilities of an advanced Raman instrument, combined with
our rotational accessory device for exposing each surface of the stained specimen to the objective lens, enable topographic
mapping of complete excised specimen surfaces. A USB-controlled accessory for a Raman microscope was designed and fabricated
to enable programmatic and precise angular manipulation of specimens in concert with instrument stage motions during whole-
surface imaging. Specimens are affixed to the accessory on an anti-slip, sterilizable rod, and the tissue surface exposed to the
instrument is adjusted on demand using a programmed rotating stepper motor. We demonstrate this topographic imaging
strategy on a variety of phantoms and preclinical tissue specimens. The results show detail and texture in specimen surface
topography, orientation of findings and navigability across surfaces, and extensive SERS NP multiplexing and linear quantitation
capabilities under this new Raman topography imaging method. We demonstrate successful surface mapping and recognition of all
26 of our distinct SERS NP types along with effective deconvolution and localization of randomly assigned NP mixtures. Increasing
NP concentrations were also quantitatively assessed and showed a linear correlation with Raman signal with an R? coefficient of
determination of 0.97. Detailed surface renderings color-encoded by unmixed SERS NP abundances show a path forward for
content-rich, interactive surgical margin assessment.
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INTRODUCTION

For the care of breast cancer patients, the first line of treatment is
often surgical intervention. Of the approximately 200,000 newly
diagnosed breast cancer patients each year in the United States,
nearly 60% elect for a breast-conserving lumpectomy instead of
mastectomy'2. However, breast tumors suffer from poor tumor
margin delineation, making them difficult for a surgeon to resect
with complete negative tumor margins. Negative tumor resection
margins, which are crucial for patient survival®, are achieved when
a surgeon excises a tumor with an envelope of healthy tissue
surrounding the malignancy, while positive margins occur when a
surgeon cuts too close to or even through the cancerous lesion,
leaving diseased tissue behind in the patient if not corrected.
Positive tumor margins can occur in up to 60% of lumpectomy
procedures and are associated with an increased rate of local
recurrence®®. There are currently no clinically adopted methods
for intraoperatively detecting and correcting positive tumor
resection margins for breast cancer lumpectomy in the operating
room (OR). There are imaging guidance methods to help direct
the surgeon to the tumor site, including preoperative magnetic
resonance (MR), preoperative and intraoperative ultrasound, and
mammography to navigate by calcifications and radiological
findings. Faxitron imaging is used to confirm removal of a clip
placed during biopsy, but positive margins still occur despite

these facilities’ '°. Touch preparation (TP) cytology has not
provided reliable results for evaluating breast cancer resection
margins, and the adipose content of breast tissue prevents it from
being cryopreserved for rapid histopathology''='>. This means
positive margins are only discovered postoperatively by a
pathologist performing traditional formalin-fixed paraffin-
embedded (FFPE) histopathology. The pathologist evaluates tissue
morphology and biomarker expression stains under a microscope
to discover whether any signs of malignancy exist at the
specimen’s perimeter. Since pathologists cannot reasonably assess
every thin section of a large specimen, it is estimated that less
than 1% of a lumpectomy'’s perimeter is assessed for the presence
of positive margins'®-2°, There is a definite need for a tool which
can interrogate the entire surface of a freshly excised lumpectomy
specimen to reveal positive margins during initial surgical
intervention and guide the surgeon to the remaining malignant
tissue in the operation site.

Imaging surgical guidance to assist in the location and resection
of solid tumors is a promising and growing field of research with
direct implications to patient outcomes?'~2°, Advancements in
tailored intraoperative imaging approaches using knowledge of
cancer pathophysiology are helping to direct surgeons to the
disease and achieve more precise resections. Breast cancer is a
good candidate for molecular imaging approaches as it often
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presents with a different protein expression profile than healthy
tissue?’~31, Multiplexed optical imaging methods involve staining
a specimen with distinguishable contrast agents which bind to
abnormal or overexpressed proteins, washing away any unbound
material, and placing the specimen in an imaging apparatus to
visualize any foci of abnormal biomarker protein expression.
Previously, we have shown that Raman spectral imaging is a
highly capable modality for multiplexed molecular imaging
applications thanks to the contrast agent recognition specificity
afforded by the distinct nature of every molecular species’
vibrational characteristics*>?73%, Raman spectroscopy entails mea-
suring light which has been Stokes-shifted relative to the incident
light due to the promotion of a sample’s molecules to virtual
energy states and relaxation to quantum vibrational states which
are characteristic of their composition of atoms, bonds, and
symmetries thereof. It only requires the use of one incident
wavelength, while optical methods like fluorescence imaging tend
to require many excitation wavelengths and emission filters to
achieve multiplexing. The surface-enhanced Raman scattering
(SERS) phenomenon increases the inelastic scattering cross
section of molecules in the vicinity of nanotextured metal
substrates by many orders of magnitude, meaning nanoparticle
(NP) contrast agents can be fabricated carrying a bundle of
molecules of some species with desirable spectral properties3=*1,
SERS NPs can be made to produce different spectral emissions by
swapping the reporter molecule species introduced between the
metallic core and the protective silica shell.

It has been shown that gold-core SERS NPs can be functiona-
lized with cancer biomarker-targeting antibodies®**?~%°, The SERS
NP fabrication process is summarized in Fig. S1. Batches of SERS
NPs encapsulating different reporter molecules can be respec-
tively functionalized with different antibodies, and these batches
can then be mixed into a cocktail of SERS NP labels which each
preferentially bind their complementary biomarker protein anti-
gens. With reference spectra measured from the separate pure
SERS NP batches, quantitative spectral unmixing postprocessing
can determine how much of each SERS NP label bound to the
stained surface. An additional SERS NP batch can be included in
the staining cocktail functionalized with an isotype control
antibody to provide a nonspecific binding control channel.
Biomarker expression levels can then be quantitatively deter-
mined using the ratio of bound biomarker-specific SERS NPs to the
amount of isotype control SERS NPs in each pixel***>. Cancer
biomarker proteins interrogated in diagnostic staining and
molecular imaging are often ones whose overexpression enables
cancer growth mechanisms like rapid cell division, prevents
apoptosis, or encourages angiogenesis*®. Abnormally high expres-
sion levels of these proteins can signify where cancerous cells
reside and which proteins and pathways they may be exploiting
to rapidly divide.

In fact, Wang et al. demonstrated that a 5-plex cocktail of
antibody-functionalized SERS NPs could quantify the presence and
distribution of overexpressed biomarker proteins from tissue
shavings excised from breast cancer patients***>. Biomarker
protein expression levels and spatial distributions were validated
with gold standard immunohistochemistry (IHC). Across those
studies, the 5 interrogated biomarkers included epidermal growth
factor receptor (EGFR), human epidermal growth factor receptor 2
(HER2), estrogen receptor (ER), CD24, and CD44. The staining
cocktails stained for 4 biomarkers at most and included an isotype
control SERS NP type for ratiometric quantitation purposes. Wang
et al. generated receiver operating characteristic (ROC) curves
comparing ratiometric SERS NP quantitation of biomarker expres-
sion against gold standard IHC. The combined detection of these
biomarkers allowed Raman imaging to detect breast carcinoma
with a sensitivity of 89.3% and specificity of 92.1%*. These results,
highlight the potential of this multiplexed targeted strategy to
guide surgical resection and thus motivated our approach to offer
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whole specimen surface mapping of the entire resected tissue. It is
important to note that the fresh tissue specimens stained and
imaged in these previous studies were flat tissue shavings
sampled from the patient’s surgical cavity after the surgeon had
removed the main mass, making it tedious to interrogate positive
tumor margins throughout the entire surgical cavity.

We propose an intraoperative molecular imaging approach
which directly interrogates the entire surface of a freshly excised
breast cancer lumpectomy specimen. Our method allows us to
measure full Raman spectra concurrently with coordinates of
surface points, allowing us to generate a 3D topographic image of
a specimen’s size, shape, texture, and SERS NP content. Readily
available Software packages can rotate, zoom, and pan 3D object
renderings, so a surgical team could easily manipulate and inspect
the entirety of a Raman topography image of a lumpectomy
specimen to locate regions of abnormal protein expression and
direct removal of additional tissue. Imaging the fresh surface of a
lumpectomy specimen circumvents the problem that breast tissue
is incompatible with the method of rapid biomarker interrogation
currently practiced in the clinic. This approach would directly
interrogate the original resection margin the surgeon made while
balancing the need to remove the tumor while conserving
surrounding tissue. It would also avoid the need to remove tissue
shavings from the resection site without guidance as to whether
or where shavings would be beneficial to the patient. There are
commercial Raman imaging systems which comprise focusing
lasers and high-resolution stages with adaptive autofocusing
capabilities to adjust the stage’s z-coordinate automatically and
independently as the stage moves in the xy-plane to maintain or
regain focus on the sample’s surface when subsequent pixel
locations are reached. We have developed an accessory tool for
such a Raman imaging system which incrementally rotates a
specimen in synchrony with lateral stage movements and spectral
acquisitions to expose all surfaces of the specimen for interroga-
tion. Figure 1 illustrates this proposed surgical workflow for
intraoperative tumor resection margin imaging. Such an approach
would allow for interrogation of the resected lumpectomy
specimen and provide information of the surface’s cellular
makeup with all the spatial context necessary to make an
informed decision of where to continue excision within the
surgical cavity if complete tumor resection was not achieved.

Here, we present the conjunction of our newly developed
rotational accessory device and a commercial Raman imaging
system which enables complete topographic surface imaging. 3D
rendering fidelity is validated against the known shape and
texture of phantom objects prepared from moldable modeling
material, and we demonstrate the ability of distinct SERS NP types
to be located and identified to correlate a sample to its excision
orientation. Multiplexed topographic images validate identifica-
tion specificity of many distinct SERS NP types when separated
and when mixed in the same locations. Finally, we validate that
topographic imaging is achievable using fatty porcine tissue as an
analog of adipose-rich human breast tissue and confirm that SERS
NPs can be both qualitatively and quantitatively detected against
biological tissue background signals.

METHODS
Raman microscope and topographic imaging accessory

A commercially available Renishaw RA816 Biological Analyser was
used for all Raman spectral imaging. All measurements were
performed with a Leica N PLAN L 50 x 0.50 NA objective lens with
a working distance of 8.2 mm, a Renishaw MS 20 encoded stage,
and a 785 nm diode laser set to a power of 10 mW. Renishaw’s
autofocus system, which continuously adjusts the stage’s
z-position to maintain adequate focus on a sample’s surface,
was utilized for all topographic imaging. With this, every pixel’s
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Proposed surgical workflow. If a breast cancer lumpectomy is resected with unfavorable positive margins, traces of malignant tissue

are likely on the specimen’s surface. Detecting and locating its presence while the patient is still in the OR could rapidly inform the surgical
team where additional tissue should be removed to achieve a more complete excision. SERS NPs consisting of different reporter molecules
and chemically conjugated with biomarker protein-targeting moieties can serve as multiplexed spectral imaging contrast agents. A freshly
excised specimen could be incubated with a cocktail of such NPs, rinsed with fresh buffer to wash away unbound material, and
topographically imaged. The resulting spectral and spatial information could be rendered in such a way to inform a surgical team whether any
positive margins exist and where to remove additional tissue from the surgical cavity.

spectrum is only acquired once autofocus adjustments have
converged. The Raman imaging system is controlled by
Renishaw’s Windows Raman Environment (WIRE) software pack-
age which allows users to define pixel step sizes, laser power, and
exposure time parameters when executing Raman images. WiRE
also implements postprocessing functions such as correction of
spectral baseline and quantitative least-squares regression spec-
tral unmixing for spatial chemometric analysis. Raman spectral
image records contain the list of Stokes Raman shifts at which
each spectrum in the image was measured in units of
wavenumber relative to the incident light wavenumber, the
scattered light intensities of each spectrum in arbitrary units, and
every pixel’s the x-, y-, and z-dimension stage coordinates.

WIRE presents an external control interface which allows other
entities to interact with it via a standard networking protocol (TCP/
IP). External control can be used for tasks like enqueuing and
dequeuing measurements, monitoring the status of running
measurements, or triggering the spectral acquisitions of a
particular Raman image’s pixels based on input from additional
code or auxiliary input sources. With triggering enabled, the
Raman imaging system moves the stage in the xy-plane to the
next pixel's location, makes any z-position adjustments to
maintain focus on the sample’s surface, and enters a waiting
state until triggered. The waiting state can be queried by another
program or system connected to the WIRE server. With this facility,
we implemented a script which sends serial USB commands to our
accessory to perform angular steps and triggers WIRE to collect
individual spectra each time WIRE enters a waiting state. Each
pixel's spectrum acquisition is contingent on both an external
trigger signal and the autofocus system having completed any
z-dimension stage adjustments to maintain focus on the surface.
The autofocus system engages to ensure focus after lateral stage
movements and angular sample movements. WiRE concludes and
dequeues the image once all pixels’ spectra have been collected.

To acquire a Raman topography image, the sample is placed on
the accessory device rod, the user defines beginning and ending

x-coordinates for the image, sets the desired lateral and angular
step sizes, and executes the external control script. The script
manages enqueuing the image, monitoring for WIiRE entering a
waiting state, executing angular steps, and triggering spectral
acquisitions. A sample is stepped in the x-dimension, rotated
about its x-axis, and adjusted to maintain focus in the z-dimension
between each spectrum acquisition during topographic imaging.
Spectra are measured by the downward-facing objective lens in a
spiraling, corkscrew fashion. There is no need in this scheme for
any y-dimension stage movement. A cylindrical coordinate system
conveniently represents each acquisition’s location on a speci-
men’s surface. The z-coordinates in the Raman image record
represent the radial dimension of the cylindrical coordinate
system because we set the Raman imaging system'’s origin at
the center of the accessory rod. The x-coordinates represent the
cylindrical coordinate system’s axial dimension, and the angular
dimension is known by the user’s angular step setting.

Figure 2 illustrates a device where samples can be affixed on a
rod suspended between the microscope stage and objective lens.
Figure S2 shows a wider view of the Raman topographic imaging
accessory situated in the Renishaw RA816 Biological Analyser. The
rod has a square cross-section profile to prevent sample slipping
during imaging and is made of stainless steel for easy cleaning
and sterilization. The device frame, 3D printed with polylactic acid
(PLA), is situated inside a stage adapter holding the rod above the
floor of the stage adapter while maintaining a low enough profile
to allow sufficient z-dimension travel for topographic imaging of
large specimens. The height of the device, z-dimension travel of
the stage, and the objective lens working distance afford enough
vertical space to accommodate topographic imaging of speci-
mens in the size domain of real breast cancer lumpectomy
specimens®'°, The frame secures an angular stepper motor (Nema
17, 1.8° native step) and supports the free end of the stainless-
steel rod. A consumer microcontroller (Arduino Uno) is pro-
grammed, powered, and controlled by a standard USB connection
to the workstation computer and supplies power to the stepper
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Fig.2 Topographic imaging device. 3D topographic Raman imaging is achieved by the combination of a device which iteratively rotates a
sample in synchrony with a commercial Raman imaging system. a Annotated photo of the topographic Raman imaging accessory. b Image of
the Renishaw RA816, its objective lens, and its laser focused onto the surface of a tissue specimen coated with SERS NPs on the accessory.
¢ Diagram of external control script loop which synchronizes the angular movements of the accessory with the lateral stage movements and

spectral acquisition of the Raman imaging system.

motor. The microcontroller is wired to the pins of a motor driver
chip (A4988, Allegro MicroSystems) which modulates the power
supplied to the motor, governs the direction and size of angular
steps by setting the motor’s pins, and provides pins to fractionally
divide the motor’s native step size to optionally increase angular
resolution.

With this spiral topographic imaging scheme, the spacing
between discrete pixel acquisitions can be controlled by setting
the angular step size of the accessory and the stage’s x-dimension
step size. The angular spacing will govern how many samples
occur per revolution. Samples’ angular spacing is an arclength
function of the sample’s local radius and the step angle. The
x-dimension spacing governs the lateral spacing between
individual pixels as well as the spiral’'s pitch, or axial spacing.
The spiral’s pitch is the product of the x-dimension step and the
number of angular steps per full revolution. Spiral acquisition
parameters stepping between each pixel were set to a lateral step
of 1 um and an angular step of 0.9° for all topographic images.
Supplemental Video 1 shows our Raman topography system as it
acquires images with automatic autofocus adjustments during
acquisition.

Topography phantoms

To develop and validate this whole-surface topographic approach
to Raman imaging, we adopted simple polymer modeling material
as a moldable imaging phantom substrate. It can easily be
prepared according to any desired size and surface texture
specifications, be coated with SERS NPs, and be stored for long
periods without degradation. Topographic imaging phantoms
were made with this modeling polymer stamped with various
patterns to validate the fidelity and surgical workflow utility of the
resulting 3D surface renderings. We also coated these phantoms
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with sets of SERS NPs to validate their localization and multi-
plexing specificity. Finally, we validated our ability to perform
topographic Raman imaging and to localize and quantitate SERS
NPs with organic tissue. We used commercially available porcine
tissue as an organic phantom analog for breast tissue for its
mixture of rich adipose and muscle tissues. Phantoms were
approximately 2 cm in diameter.

3D rendering

All spectra were quantitatively unmixed with nonnegatively-
constrained least-squares (NNLS) regression. Unmixing results
are coefficients, or relative weights, by which reference spectra are
multiplied and summed to best approximate an image’s multi-
plexed spectra. These unmixed coefficients make up what we
interpret as an image channel depicting the amount and spatial
distribution of a substance. Though these topographic datasets
are collected as images of a single row as far as the WiRE system is
concerned, we can use the knowledge of how many samples
make up a full spiral period to produce 2D images by populating a
series of columns. Unmixed channels can be assigned pseudoco-
lors to distinguish the presence of different SERS NPs. Point clouds
of each pixel's coordinates with corresponding quantitatively
attenuated color values were written to Stanford PLY files”.
Coordinates in units of microns were converted from the original
cylindrical system to a Cartesian system. Point clouds were
visualized with the MeshLab software package using ball-pivoting
surface reconstruction, and Taubin smoothing*®=>°, This process
takes the point cloud to be vertices of a graph and determines a
set of triangles whose edges and faces connect the vertices to
render a surface. Triangle faces were colored according to the
colors of the vertices they connect.



SERS NP fabrication

The SERS NPs comprise a gold nanoparticle core (AuNP), a Raman
reporter layer, and a protective silica shell. Briefly, bare AuNPs
were fabricated by a hydroxylamine seeding method. 3 ml of
30 mg/ml gold(lll) chloride was added with vigorous stirring to
450 ml of 4°C water followed by rapid addition of 0.6 ml of a
0.135 mg.ml sodium citrate and 0.085 g/ml hydroxylamine hydro-
chloride solution. 10's later, 0.12ml of a 0.001% NaBH, solution
was rapidly added. After stirring for 10 min, 25 ml of 37.5 pM
AuNPs were diluted with an equal volume of water 40 ul of 1 mM
(3-aminopropyl)trimethoxysilane (APTMS) was added dropwise.
15 min of stirring later, an ethanol solution of a Raman reporter
species was added to form the Raman-active layer. SERS labeling
was confirmed with the Raman spectral imaging system. After
5min of stirring, 500 pl of 2.15wt% sodium silicate was added,
stirred for 15 min, and allowed to rest for 24 h. 30 nm silica shells
were grown with the Stéber method by addition of 125 ml
ethanol, 625 pyl ammonia added dropwise, and 50 pl of tetraethyl
orthosilicate (TEOS) and allowing stir for 24 h at room tempera-
ture®’. Thiolation of SERS NPs was achieved by an additional
Stober process with (3-mercaptopropyl)trimethoxysilane (MPTMS).
SERS NPs were purified and concentration by 5 x centrifugation at
15009 for 30 min. A maximum absorbance band of the AuNP
colloidal solution at 535nm was confirmed by UV-vis spectro-
photometry (Cary 60, Agilent Technologies, UCA). Dynamic light
scattering (DLS) (Zeta Sizer Nano ZS, Malvern Panalytical, UK) and
nanoparticle tracking analysis (NTA) (NanoSight NS300, Malvern
Panalytical, UK) were used to measure AuNP concentrations and
to characterize their size distribution to be 61+4nm. Silica-
coating of SERS NPs was characterized by transmission electron
microscopy at 80 kV, 15,000 x magnification (TEM; JEOL 1200ex-Il,
Japan).

Chemicals and NPs

Reagents Gold(lll) chloride hydrate (HAuCl;xH,0, 99.995%),
trisodium citrate dihydrate (CgHsNas0,-2H,0, 99.0%), (3-amino-
propyl)trimethoxysilane (APTMS, 98%), 5-amino-1,3,4-thiadiazole-
2-thiol (ATDT, 98%), 1,2-bis(4-pyridyl)ethylene (BPE, 97%), 4,4'-
bis(mercaptomethyl)biphenyl (BMMBP, 97%), 4-(trifluoromethyl)
thiophenol (TFMTP, 99%), 4,4'-dipyridyl (44DP, 98%), d8-44'-
dipyridyl (d8-44DP), 4,4’-azopyridine (44AP, 99%), 1,2-bis(4-pyr-
idyl)acetylene (BPA), phthalazine (PHTH, 98%), 4-mercaptopyridine
(4MPY, 96%), 2-mercaptobenzothiazole (2MBT, 97%), 4,4’-thiobis-
benzenethiol (TBBT, 98%), 4-aminothiophenol (ATP, 96%),
4-nitrothiophenol (NTP, 99%), 2-bromothiophenol (BTP, 97%),
benzyl mercaptan (BMP, 99%), 6-amino-2-mercaptobenzothiazole
(AMBT, 97%), 2,5-bis(4-pyridyl)-1,3,4-thiadiazole (BPT, 97%),
sodium silicate aqueous solution (~26.5%), and tetraethyl
orthosilicate (TEOS, 99%) were purchased from Sigma-Aldrich.
Reagent 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB, 99%) was
purchased from Beantown Chemical. Reagent 5-(4-pyridyl)-1,3,4-
oxadiazole-2-thiol (PODT, 97%) was purchased from Alfa Aesar.
Reagents 5-(4- pyridyl)-1H-1,2,4-triazole-3-thiol (PTT, 98%), thio-
phenol (PhSH, 99%), 2,2"-dipyridyl (22DP, 99%), 2-naphthalenethiol
(2NT, 99%), and 4-mercaptobenzoic acid (4MBA, 90%) were
purchased from Acros Organics. All work used deionized water
(Milli-Q grade, Millipore) with a resistivity of 18.2 MQ cm.

RESULTS

Topographic image validation

To begin validating that the visual characteristics of a sample, such
as its perceived size, shape, and surface texture, could be
adequately captured by our topographic imaging approach, we
created and imaged a simple clay phantom impressed with an
identifiable test pattern (Fig. 3). The letters “USC BME" are
prominently stamped into its surface, and this texture is clearly
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Fig. 3 Topography imaging validation phantom. An object’s
topography is captured and rendered by the spiral acquisition
protocol and point cloud surface mesh reconstruction, respectively.
a A phantom object molded from polymer modeling material and
stamped with a test pattern. b Resulting topographic image 3D
rendering of the phantom’s surface.

recognizable in the resulting 3D surface rendering (Fig. 3b).
Replicating the shape and structural landmarks of sample with this
topographic surface sampling method in a 3D rendering is a key
component of orienting, navigating, and interpreting the resulting
image. During topographic imaging, when the valleys of the
stamped test pattern are encountered by the Raman imaging
system, the autofocus system notices the stage should be moved
in the positive z-direction to compensate for the dip in the
specimen’s surface to achieve optimal and consistent collection of
Raman-scattered light. Conversely, once the image has progressed
where the laser exits a feature of the impressed test pattern, the
autofocus system adjusts the stage in the negative z-direction.

Specimen orientation validation

Resected tumor specimens are typically “inked” to annotate their
surfaces with which surgical site its faces were in contact with as

npj Imaging (2024) 2
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Fig.4 Anatomical orientation validation. Topography and SERS NP
contrast agents can be visualized simultaneously. SERS NP contrast
agents can be used to orient a specimen’s image as expected by
standard of care practices. a Lettered stamps indicating hypothetical
superior, inferior, anterior, posterior, medial, and lateral faces of a
specimen. The two views of the specimen are rotated about the
specimen’s x-axis by 180°. b Color-coded topographic image
rendering clearly depicting distinct SERS NP identities located in
the vicinity of respective surface impressions. ¢ Legend correlating
color to a Raman reporter species.

part of the standard of care tissue processing workflow'%>2, This
practice orients it to the patient’s and resection site’s anatomy,
allowing the care team to trace definitively any positive margins
discovered in postoperative histopathology back to a particular
site and direction where the revision surgery should focus on
removing additional tissue. Here, we demonstrate topographic
imaging of another molded validation phantom stamped with
letters signifying the six standard anatomical positions marking a
hypothetical specimen orientation (Fig. 4). Each face also received
a coating of a different SERS NP type each bearing a distinct
Raman spectrum. The size, shape, surface texture, and position of
recognizing the presence of distinct SERS NP types confirms that
Raman imaging contrast agent materials can be located with
specificity and precision with topographic imaging. A video clip of
our newly developed rotational accessory tool is depicted in
Supplemental Video 1 as it acquires a topographic Raman image
with active autofocusing.

Note the ease of use to manipulate and inspect a 3D rendered
Raman topography image volume in Supplemental Video 2. A user
can easily control and interact with the resulting 3D rendering at a
viewing workstation. The indentations and shadows of the
rendering depict the actual appearance of the object and how
the faces and features of a tissue specimen would appear. An
entire rendered surface can be rotated and zoomed for a detailed
inspection. The SERS annotation markings on a tumor could easily
orient the user to its original position within the surgical cavity.
Any locations of increased biomarker protein binding, which
would appear as a surface region of increased intensity of another
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color, can be fully described by the nearest anatomical SERS
annotations. These coordinates are intended to reorient the
surgeon to the corresponding areas in the surgical cavity and
precisely direct them to where further resection is needed to
achieve complete removal of the tumor.

An intraoperative imaging approach must consider the
expectations of OR and pathology teams to maintain patient
safety, tissue integrity, and compatibility with standard of care
tissue processing and pathology. Staining of fresh tissue with
antibody-conjugated SERS NP contrast agents has been shown to
require as little as 15min of incubation®®. These Raman
topography images are able to be collected and visualized in less
than an hour, which is sufficiently quick for the patient to remain
anesthetized without significantly increased risk and for tissue
specimen integrity not to degrade before undergoing standard
pathology processing. The standard of care approach for resected
tumor processing is for it to be inked with different colors
indicating the original anatomical orientation of each face>3. A
surgeon may also mark the faces of a specimen first with distinct
sutures prior to inking. If pathology discovers malignant cells
sufficiently close to the specimen perimeter, the perimeter color
indicates the direction in which the surgeon should remove
additional tissue in a later surgery. SERS NP staining and
topographic imaging of biomarker protein expression could take
place before inking or after by placing at the suture locations
additional untargeted SERS NPs carrying Raman reporters not
used for functional labeling after incubation in the staining
cocktail. Alternatively, if inking is done before Raman topography,
the Raman spectra of the inking dyes themselves may even
provide sufficient signal themselves for orientation. When color-
coded topographic imaging results are being interpreted by the
team, they can also be presented with a color-coded rendering
showing the locations of the orienting contrast agents. Any foci of
abnormal targeted biomarker binding can then be definitively
located by their nearest orienting signals to immediately inform
where additional tissue should be excised in the surgical cavity.
The specimen could then be removed from the topography
device rod and sent for traditional pathological assessment.

Availability of large SERS NP library

The power of Raman imaging with SERS NP contrast agents comes
from both the spectral distinctiveness of each molecule’s inelastic
scattering profile and the vast possibilities for molecular structures
which could be used as Raman reporters. We have previously
demonstrated the multiplexing capabilities of Raman imaging
with up to 26 SERS NP types and postulated how more can be
discovered and tested®>3%3%, We show in Fig. 5 that each SERS NP
type can be distinctly recognized under topographic Raman
imaging. Each of these SERS NPs can be detected with one
incident wavelength and in a single Raman spectral imaging scan.
The structures of encapsulated reporter molecules and their
spectra are included in Fig. S3. Some reporters could be used in
SERS NP batches to target cancerous biomarkers, some as
orientation markings, and some could even be designed to target
other important cell types such as immune cells. A multitude of
biomarkers may be clinically useful to stain across a fresh
lumpectomy specimen?2>4-36,

Multiplexed SERS specificity validation

Cells express and present a multitude of proteins on their
membranes which can be stained to identify them and to judge
whether they may be cancerous. Cancers are known often to be
discernible from healthy tissue by their expression of inappropri-
ate amounts or combinations of proteins capable of driving
accelerated growth signaling®”>®. Multiplexed molecular imaging
aims to capture and depict the presence of many biological
features simultaneously by the clever use of separable optical
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Fig. 5 Topographic imaging with a large SERS NP library. A large
array of SERS NP contrast agents can be fabricated and are
compatible with topographic imaging. a Digital image of a phantom
coated with 26 different SERS NP types. b Color-coded topographic
image of the phantom. ¢ Legend of Raman reporter abbreviated
names and associated pseudocolors. d Unwrapped representation
of the color-coded surface image.

signals to convey multiple channels of information at once. A
cocktail of biomarker protein-targeting SERS NPs could be
formulated for intraoperative topographic imaging to target the
kinds of proteins discovered by pathology of a preoperative
biopsy or even to target a large panel of possible biomarkers to
increase the likelihood of discovering positive margins with
unexpected expression properties. It would be necessary for the
SERS NP contrast agents bound to a lumpectomy specimen to be
distinct enough to be correctly identified to discern foci with
different expression patterns.

A phantom of modeling material was coated with mixtures of
SERS NPs, topographically imaged, and spectrally unmixed to
reveal the contrast agents’ locations (Fig. 6). The key to each
mixture’s SERS NPs was not revealed to the other members of the
team prior to imaging and quantitative unmixing to ensure an
unbiased assessment of the resulting channels. Plots of the SERS
NP spectra included in each mixture is included in Fig. S4.
Different SERS NP combinations and plexities were prepared to
simulate conditions ranging from simple to more complex
biomarker expression profiles. Six SERS NP types were chosen
for this and later multiplexed topographic images due to the
clinical relevance of 5 cancer biomarkers considered in the work of
Wang et. al. which showed correct illustration of tumor locations
and margins by staining the fresh surface of resected human
tissue with biomarker-targeting SERS NPs**~%°, In those stains, an
additional isotype negative control SERS NP was conjugated with
a nonspecific IgG antibody and included in the SERS NP staining
cocktails to account for non-specific binding by taking unmixed
signal ratios. We perform multiplexed validation with 6 SERS NPs
to demonstrate the capability of this topographic imaging
approach to handle detecting a relevant number of clinically
and surgically useful biomarker protein targets.

Multiplexed SERS Topography of Tissue
We graduated to topographic imaging with SERS NPs on the
surface of organic phantoms to demonstrate the imaging
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Fig. 6 Multiplexed topography validation. SERS NPs can be mixed
within the same pixels and still be correctly recognized and
interpreted after quantitative spectral unmixing. a Digital photo of
topography phantom coated with mixtures of SERS NPs. b Color-
coded 3D topographic renderings of unmixed channels. ¢ Key and
legend of SERS NP mixture constituents. d Unwrapped representa-
tions of the color-coded surface images to reveal the location of
specific SERS NP flavors.

approach’s capability of autofocusing and topographically navi-
gating real tissue. For this, we used porcine abdominal tissue as a
human breast tissue phantom model. It is a commercially available
tissue with a mixture of adipose, epithelial, and muscle content
reasonably analogous to human breast tissue. Mixtures of SERS
NPs were applied to the phantom surface and were correctly
located upon Raman imaging with our rotational accessory device
and subsequent spectral unmixing and interpretation (Fig. 7). Plots
of the SERS NP spectra included in each mixture are included in
Fig. S5. A clip of executing tissue phantom Raman topographic
imaging with SERS NPs is included in Supplemental Video 3.

Quantitative SERS topography of tissue

SERS NP signals indeed attenuate proportionately with decreased
local abundance. Quantitative behavior of an imaging system is
often a desirable feature, even when the conclusions a clinician
will draw from the image are qualitative or binary in nature. We
show that topographic imaging of a sequence of a 2 x serially
diluted SERS NP solution registers a highly linear Raman signal
attenuation (Fig. 8). Though we recognize precise biomarker
sensitivity may not be as significant of a factor as biomarker
specificity, quantitative capabilities would be necessary to enable
ratiometric biomarker binding evaluation and for non-specific
binding thresholds to be set to ease image interpretation. Drops
of diluted SERS NP solutions were placed at varying locations
across the surface, and the Raman signals of the SERS NPs
diminish linearly as expected. The BPE-labeled SERS NP concen-
trations applied in 3 pul aliquots to this tissue phantom are
included in Table S1.

DISCUSSION

We aim to address the clinical need for improved intraoperative
tumor resection margin profiling of freshly excised tissue. Surgical
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Fig. 7 Topographic SERS NP multiplexing on tissue. Multiplexed signals are qualitatively discernible even when performing topography on
tissue substrates. a Digital photo of a tissue specimen coated with mixtures of SERS NPs. b Key and legend of SERS NP mixture constituents.
¢ Color-coded 3D topographic renderings of unmixed channels. d Unwrapped representations of the color-coded surface images.

treatment of breast cancer by tissue-conserving local lumpectomy
suffers from poor visual tumor margin indicators during resection
and current intraoperative imaging only helps the surgeon find
the tumor, not check that the whole tumor and sufficient
surrounding tissue has been removed. Breast cancer lumpectomy
presently lacks methods to intraoperatively characterize margin
status because its adipose content makes it incompatible with
rapid cryosection-based histology. As breast cancer often presents
with abnormal protein expression patterns, it is an ideal candidate
for molecular imaging methods. Raman spectral imaging with
SERS NP contrast agents is a powerful multiplexed imaging
method which can be leveraged for molecular imaging applica-
tions by decorating the contrast agents with biomarker-targeting
ligands to preferentially bind to known biomarkers of interest
overexpressed on cancer cells. With an integrated sample-rotating
accessory device, a commercial Raman imaging system can be
extended to perform topographic imaging across the entire
surface of an intact fresh tissue specimen. We found that the
multiplexing and quantitative spectral properties of the SERS NPs
fully translate to this new imaging method.

We show the capability of topographic Raman spectral imaging
to accurately capture the size, shape, and texture of object
surfaces while also spectrally unmixing and quantitating the
presence of a large array of SERS NP contrast agents. We
successfully located each of the 26 SERS NP flavors curated in
our extensive library, specifically unmixed subsets of simulta-
neously multiplexed SERS NPs on real tissue phantoms, and
linearly quantitated serially diluted SERS NPs with R? coefficient of
determination of 0.97. In practice, each SERS NP type could be
deployed in a staining cocktail to highlight different biomarkers
and therefore different cell populations which could be significant
to a surgeon’s clinical evaluation to revise resection margins.
Topographic imaging with multiplexing and quantitation was
successful on actual tissue phantoms, demonstrating promise for
future efforts to translate this imaging approach toward the
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operating room. Quantitation capacity is important and advanta-
geous in a molecular imaging modality because it enables
contrast agent abundances and therefore biological expression
levels to be accurately analyzed and objectively compared. We
show here and in previous work that protein expression levels by
cells can be robustly assessed with quantitative SERS NP
imaging®*>°. With SERS NP flavors each designed with antibodies
to target a multitude of biomarkers and a flavor conjugated to an
isotype control antibody, various levels of relevant proteins could
be evaluated and specifically localized across a tissue specimen’s
surface. In addition, numerous cell types in the tissue microenvir-
onment, including tumor cells, immune cells, stromal cells, and
epithelial cells, could all be readily differentiated and contribute to
the clinical assessment of a tissue specimen. This imaging can be
further developed and validated by acquiring human breast
cancer tissue, performing SERS NP biomarker stains, and corelat-
ing positive margins with traditional FFPE pathology. The
topographic imaging accessory device may undergo further
refinement to enable affixing specimens without the need for a
piercing rod. As standard of care postoperative pathology may be
interested in evaluating the unaltered expression and morphology
of a specimen’s interior, an alternative strategy could be devised
to gently and nondestructively secure specimens to the rotation
device. We have focused here on applying topographic SERS
Raman imaging to address the needs of breast cancer lumpect-
omy, but the principles may be generalized to apply to the
resection of other solid tumors that suffer from poor margin
delineation such as head and neck cancers with identifiable
protein expression patterns2>-26:60-63,

Some biomarkers, which have been mentioned here, and
researched for their clinical utility in locating and characterizing
breast cancer include EGFR, HER2, ER, CD24, CD44, and CDA47.
These markers are extensively studied in breast cancer because
they carry biological significance. EGFR is overexpressed in several
tumors and is associated with tumor epithelial-mesenchymal
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Fig. 8 Quantitative topographic SERS NP imaging on tissue.
Linear signal trend observed over serial dilutions of a SERS NP
solution. a Digital photo of a tissue specimen coated with mixtures
of SERS NPs. b Color-coded 3D topographic rendering of unmixed
channel. Image has been log,-transformed to visualize SERS NP
channel brightness gradient more clearly. ¢ Unwrapped representa-
tions of the color-coded surface images. d Quantitation results
based on the 1200 cm~' BPE band plotted on log,-log, axes with
linearity R? coefficient of determination of 0.97. Error bars represent
standard error of the mean of region of interest (ROI) grayscale
values.

transition (EMT), migration, and invasion®®. Triple negative breast
cancers (TNBCs), which lack overexpression of progesterone
receptor (PR), HER2, and ER, may still overexpress EGFR in most
cases®®. HER2 is a receptor tyrosine kinase in the same family as
EGFR upstream of cellular growth signaling pathways and is
overexpressed in up to 25% of breast cancer cases®>%°, ER
overexpression is found in approximately 65% of breast cancer
cases, is correlated with favorable response to endocrine therapy,
and can be detected on the cell membrane’®75, Cluster of
differentiation (CD) protein markers signify cells" immunopheno-
type by their role or relationship to the immune system and can
also be targets to localize breast cancer. CD24 and CD44
expression on breast cancer cells have been shown to correlate
with disease aggressiveness and risk of metastasis’’~7°. CD47
expression has also been shown to be overexpressed in several
breast cancer cell lines and is associated with overall increased
cancer cell survival*?. CD47 is involved in evading the immune
system and in tumor relapse®°. Since TNBC patients account for
about 20% of breast cancer patients, investigators are also
studying other important protein biomarkers that have shown
promise as targets for breast cancer such as folate receptor (FOLR)
or programmed death-ligand 1 (PD-L1)8"82, TNBCs have also been
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characterized by increased CD8+, CD4+, and FOXP3+ lympho-
cytic infiltration®:. Biomarkers such as these could also be used to
detect margins and suggest treatment routes for uncommon
breast cancer cases like TNBC.

Raman spectral imaging with SERS NP contrast agents is a
highly promising tool for molecular imaging. We have validated
the capabilities of these spectral signals to be distinguishable and
quantifiable, even in complex 3D topographic surface imaging
scenarios with varying illumination angles. It is a powerful and
flexible imaging technology which can be adapted to demanding
clinical settings in need of molecular imaging solutions. Spectral
distinctiveness of SERS NP contrast agents is guaranteed by the
quantum properties of Raman scattering, and optical sensitivity
enhancement is provided by the nanometallic core. Many possible
cell types along a resection margin could also be readily stained
and interrogated using the vast multiplexing capabilities of SERS
NPs, opening the possibility to evolve margin resection protocols
and improve patient outcomes.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 4 October 2023; Accepted: 10 January 2024;
Published online: 19 February 2024

REFERENCES

1. McCahill, L. E. et al. Variability in reexcision following breast conservation surgery.
JAMA 307, 467-475 (2012).

2. Katipamula, R. et al. Trends in mastectomy rates at the Mayo Clinic Rochester:
effect of surgical year and preoperative magnetic resonance imaging. J. Clin.
Oncol. 27, 4082-4088 (2009).

3. DiBiase, S. J., Komarnicky, L. T, Schwartz, G. F., Xie, Y. & Mansfield, C. M. The
number of positive margins influences the outcome of women treated with
breast preservation for early stage breast carcinoma. Cancer 82, 2212-2220
(1998).

4. Jacobs, L. Positive margins: the challenge continues for breast surgeons. Ann.
Surg. Oncol. 15, 1271-1272 (2008).

5. Jeevan, R. et al. Reoperation rates after breast conserving surgery for breast
cancer among women in England: retrospective study of hospital episode sta-
tistics. Br. Med. J. 345, e4505 (2012).

6. Waljee, J.F. M. D. M. P. H,, Hu, E. S. M. D., Newman, L. A. M. D. M. P. H. & Alderman,
A. K. M. D. M. P. H. Predictors of re-excision among women undergoing breast-
conserving surgery for cancer. Ann. Surg. Oncol. 15, 1297-1303 (2008).

7. Majid, A. S., Paredes, E. S. D., Doherty, R. D., Sharma, N. R. & Salvador, X. Missed
breast carcinoma: pitfalls and pearls. RadioGraphics 23, 881-895 (2003).

8. Bathla, L, Harris, A, Davey, M., Sharma, P. & Silva, E. High resolution intra-
operative two-dimensional specimen mammography and its impact on second
operation for re-excision of positive margins at final pathology after breast
conservation surgery. Am. J. Surg. 202, 387-394 (2011).

9. Bertozzi, N., Pesce, M., Santi, P. L. & Raposio, E. Oncoplastic breast surgery:
comprehensive review. Eur. Rev. Med. Pharmacol. Sci. 21, 2572-2585 (2017).

10. Weber, W. P. et al. Standardization of oncoplastic breast conserving surgery. Eur.
J. Surg. Oncol. 43, 1236-1243 (2017).

11. Suzanne, K. V., Westbrook, K. C. & Korourian, S. Use of touch preps for diagnosis
and evaluation of surgical margins in breast cancer. Ann. Surg. Oncol. 5, 220-226
(1998).

12. Valdes, E. K, Boolbol, S. K., Cohen, J.-M. & Feldman, S. M. Intra-operative touch
preparation cytology; does it have a role in re-excision lumpectomy? Ann. Surg.
Oncol. 14, 1045-1050 (2007).

13. Cox, C. E. et al. Touch preparation cytology of breast lumpectomy margins with
histologic correlation. Arch. Surg. 126, 490-493 (1991).

14. Saarela, A. O, Paloneva, T. K, Rissanen, T. J. & Kiviniemi, H. O. Determinants of
positive histologic margins and residual tumor after lumpectomy for early breast
cancer: a prospective study with special reference to touch preparation cytology.
J. Surg. Oncol. 66, 248-253 (1997).

15. Jorns, J. M. M. D. et al. Intraoperative frozen section analysis of margins in breast
conserving surgery significantly decreases reoperative rates: one-year experience
at an Ambulatory Surgical Center. Am. J. Clin. Pathol. 138, 657-669 (2012).

npj Imaging (2024) 2



A. Czaja et al.

6.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

. Barakat, F. H., Sulaiman, |. & Sughayer, M. A. Reliability of frozen section in breast
sentinel lymph node examination. Breast Cancer (Tokyo, Japan) 21, 576-582
(2014).

. Cabioglu, N. et al. Role for intraoperative margin assessment in patients under-
going breast-conserving surgery. Ann. Surg. Oncol. 14, 1458-1471 (2007).

. Bydlon, T. M. et al. Advancing optical imaging for breast margin assessment: an
analysis of excisional time, cautery, and patent blue dye on underlying sources of
contrast. PLoS ONE 7, https://doi.org/10.1371/journal.pone.0051418 (2012).

. Guidi, A. J,, Connolly, J. L, Harris, J. R. & Schnitt, S. J. The relationship between

shaved margin and inked margin status in breast excision specimens. Cancer 79,

1568-1573 (1997).

Weinberg, E. et al. Local recurrence in lumpectomy patients after imprint cytol-

ogy margin evaluation. Am. J. Surg. 188, 349 (2004).

Wang, L. G. & Gibbs, S. L. Improving precision surgery: a review of current

intraoperative nerve tissue fluorescence imaging. Curr. Opin. Chem. Biol. 76,

102361 (2023).

Barth, C. W. et al. A clinically relevant formulation for direct administration of

nerve specific fluorophores to mitigate iatrogenic nerve injury. Biomaterials 284,

121490 (2022).

Olson, M. T, Ly, Q. P. & Mohs, A. M. Fluorescence guidance in surgical oncology:

challenges, opportunities, and translation. Mol. Imaging Biol. 21, 200-218 (2019).

Wojtynek, N. E. & Mohs, A. M. Image-guided tumor surgery: the emerging role of

nanotechnology. Wiley Interdiscip Rev. Nanomed. Nanobiotechnol. 12, e1624

(2020).

Day, K. E., Sweeny, L., Kulbersh, B., Zinn, K. R. & Rosenthal, E. L. Preclinical com-

parison of near-infrared-labeled cetuximab and panitumumab for optical imaging

of head and neck squamous cell carcinoma. Mol. Imag. Biol. 15, 722-729 (2013).

de Wit, J. G. et al. EGFR-targeted fluorescence molecular imaging for intrao-

perative margin assessment in oral cancer patients: a phase Il trial. Nat. Commun.

14, 4952 (2023).

Hao, J. et al. Identification and rational redesign of peptide ligands to CRIP1, a

novel biomarker for cancers. PLOS Comput. Biol. 4, 1000138 (2008).

Misek, D. E. & Kim, E. H. Protein biomarkers for the early detection of breast

cancer. Int. J. Proteomics (2011).

Weigel, M. T. & Dowsett, M. Current and emerging biomarkers in breast cancer:

prognosis and prediction. Endocrine-Related Cancer 17, R245-R262 (2010).

Tavassolian, F. et al. Targeted poly (l-y-glutamyl glutamine) nanoparticles of

docetaxel against folate over-expressed breast cancer cells. Int. J. Pharmaceut.

467, 123-138 (2014).

Madan, J. et al. Enhanced noscapine delivery using estrogen-receptor-targeted

nanoparticles for breast cancer therapy. Anti-Cancer Drugs 25, 704-716 (2014).

Raman, C. V. A new radiation. Indian J. Phys. 2, 387-398 (1928).

Salinas, H. R. et al. A colorful approach towards developing new nano-based

imaging contrast agents for improved cancer detection. Biomater. Sci. https://

doi.org/10.1039/DOBMO01099E (2020).

Eremina, O. E. et al. Expanding the multiplexing capabilities of raman imaging to

reveal highly specific molecular expression and enable spatial profiling. ACS Nano

https://doi.org/10.1021/acsnano.2c00353 (2022).

Garai, E. et al. A real-time clinical endoscopic system for intraluminal, multiplexed

imaging of surface-enhanced Raman scattering nanoparticles. PLoS ONE 10,

(2015).

Garai, E. et al. High-sensitivity, real-time, ratiometric imaging of surface-enhanced

Raman scattering nanoparticles with a clinically translatable Raman endoscope

device. J. Biomed. Opt. 18, 096008 (2013).

Zavaleta, C. L. et al. A Raman-based endoscopic strategy for multiplexed mole-

cular imaging. Proc. Natl Acad. Sci. USA 110, E2288 (2013).

Eremina, O. E., Eremin, D. B, Czaja, A, Zavaleta, C. Selecting surface-enhanced

Raman spectroscopy flavors for multiplexed imaging applications: beyond the

experiment. J. Phys. Chem. Lett. 5564-5570 (2021).

Haynes, C. L, McFarland, A. D. & Van Duyne, R. P. Surface-enhanced Raman

spectroscopy. ACS Publications, (2005).

Jeanmaire, D. L. & Van Duyne, R. P. Surface raman spectroelectrochemistry: Part I.

Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver

electrode. J. Electroanal. Chem. Interf. Electrochem. 84, 1-20 (1977).

Fleischmann, M., Hendra, P. J. & McQuillan, A. J. Raman spectra of pyridine

adsorbed at a silver electrode. Chem. Phys. Lett. 26, 163-166 (1974).

Davis, R. M. et al. A Raman Imaging Approach Using CD47 Antibody-labeled SERS

nanoparticles for identifying breast cancer and its potential to guide surgical

resection. Nanomaterials (Basel) 8, https://doi.org/10.3390/nano8110953 (2018).

Wang, Y. et al. Quantitative molecular phenotyping with topically applied SERS

nanoparticles for intraoperative guidance of breast cancer lumpectomy. Sci. Rep.

6, 21242 (2016).

Wang, Y. W. et al. Multiplexed molecular imaging of fresh tissue surfaces enabled

by convection-enhanced topical staining with SERS-coded nanoparticles. Small

12, 5612-5621 (2016).

npj Imaging (2024) 2

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Wang, Y. W. et al. Raman-encoded molecular imaging with topically applied SERS
nanoparticles for intraoperative guidance of lumpectomy. Cancer Res. 77,
4506-4516 (2017).

Ludwig, J. A. & Weinstein, J. N. Biomarkers in cancer staging, prognosis and
treatment selection. Nat. Rev. Cancer 5, 845-856 (2005).

McHenry, K. & Bajcsy, P. An overview of 3d data content, file formats and viewers.
Natl Center Supercomput. Appl. 1205, 22 (2008).

Bernardini, F., Mittleman, J., Rushmeier, H., Silva, C. & Taubin, G. The ball-pivoting
algorithm for surface reconstruction. IEEE Trans. Visual. Comput. Graphics 5,
349-359 (1999).

Taubin, G. A signal processing approach to fair surface design. Association for
Computing Machinery, Inc, One Astor Plaza, 1515 Broadway, New York, NY,
10036-5701, USA, http://www.acm.org/, pp 351-358 (1995).

Cignoni P. et al. Meshlab: an open-source mesh processing tool. In Eurographics
Italian chapter conference, 2008; Salerno, Italy, 129-136 (2008).

Stober, W., Fink, A. & Bohn, E. Controlled growth of monodisperse silica spheres
in the micron size range. J. Colloid Interface Sci. 26, 62-69 (1968).

Houssami, N., Macaskill, P., Luke Marinovich, M. & Morrow, M. The association of
surgical margins and local recurrence in women with early-stage invasive breast
cancer treated with breast-conserving therapy: a meta-analysis. Ann. Surg. Oncol.
21, 717-730 (2014).

Altman, A. M. et al. Intraoperative inking is superior to suture marking for spe-
cimen orientation in breast cancer. Breast J. 26, 661-667 (2020).

Betancur, P. A. et al. A CD47-associated super-enhancer links pro-inflammatory
signalling to CD47 upregulation in breast cancer. Nat. Commun. 8, 14802 (2017).
Tan, W. C. C. et al. Overview of multiplex immunohistochemistry/immuno-
fluorescence techniques in the era of cancer immunotherapy. Cancer Commun.
40, 135-153 (2020).

Zaha, D. C. Significance of immunohistochemistry in breast cancer. World J. Clin.
Oncol. 5, 382-392 (2014).

Sotiriou, C. & Piccart, M. J. Taking gene-expression profiling to the clinic: when
will molecular signatures become relevant to patient care? Nat. Rev. Cancer 7,
545-553 (2007).

Janssens, J. P., Verlinden, I, Glngér, N., Raus, J. & Michiels, L. Protein biomarkers
for breast cancer prevention. Eur. J. Cancer Prev. 13, 307-317 (2004).

Czaja, A, Awad, S., Eremina, O. E, Fernando, A. & Zavaleta, C. Assessment of
unmixing approaches for the quantitation of SERS nanoparticles in highly multi-
plexed spectral images. J. Raman Spectrosc. https://doi.org/10.1002/jrs.6653 (2024).
De La Torre Rey, A., Kerdjoudj, M. & Arnouk, H. DJ-1 oncogene as a potential
diagnostic and prognostic biomarker for head and neck cancer. Cureus 15 https://
doi.org/10.7759/cureus.36229 (2023).

Malinowska, K. et al. PD-1 and PD-L1 expression levels as a potential biomarker of
chronic rhinosinusitis and head and neck cancers. J. Clin. Med. 12, 2033 (2023).
Marakala, V. Head and neck cancer biomarkers: systematic review and meta-
analysis. Clin. Chim. Acta 542, 117280 (2023).

Pirrone, R. Head-neck cancer delineation. Appl. Sci. 11, 2721 (2021).

Masuda, H. et al. Role of epidermal growth factor receptor in breast cancer. Breast
Cancer Res. Treat 136, 331-345 (2012).

Engel, R. H. & Kaklamani, V. G. HER2-positive breast cancer. Drugs 67, 1329-1341
(2007).

Paik, S. et al. HER2 and choice of adjuvant chemotherapy for invasive breast
cancer: National Surgical Adjuvant Breast and Bowel Project Protocol B-15. J. Nat/
Cancer Inst. 92, 1991-1998 (2000).

Onitilo, A. A, Engel, J. M., Greenlee, R. T. & Mukesh, B. N. Breast cancer subtypes
based on ER/PR and Her2 expression: comparison of clinicopathologic features
and survival. Clin. Med. Res. 7, 4-13 (2009).

Slamon, D. J. et al. Use of chemotherapy plus a monoclonal antibody against
HER2 for metastatic breast cancer that overexpresses HER2. N. Engl. J. Med. 344,
783-792 (2001).

Yarden, Y. Biology of HER2 and its importance in breast cancer. Oncology 61,
1-13 (2001).

Anderson, W. F., Katki, H. A. & Rosenberg, P. S. Incidence of breast cancer in the
United States: current and future trends. J. Nat/ Cancer Inst. 103, 1397-1402
(2011).

Yang, X. R. et al. Associations of breast cancer risk factors with tumor subtypes: a
pooled analysis from the Breast Cancer Association Consortium studies. J. Nat/
Cancer Inst. 103, 250-263 (2011).

Levin, E. R. Membrane oestrogen receptor alpha signalling to cell functions. J.
Physiol. 587, 5019-5023 (2009).

Pedram, A, Razandi, M. & Levin, E. R. Nature of functional estrogen receptors at
the plasma membrane. Mol. Endocrinol. 20, 1996-2009 (2006).

Razandi, M., Pedram, A., Greene, G. L. & Levin, E. R. Cell membrane and nuclear
estrogen receptors (ERs) originate from a single transcript: studies of ERalpha and
ERbeta expressed in Chinese hamster ovary cells. Mol. Endocrinol. 13, 307-319
(1999).


https://doi.org/10.1371/journal.pone.0051418
https://doi.org/10.1039/D0BM01099E
https://doi.org/10.1039/D0BM01099E
https://doi.org/10.1021/acsnano.2c00353
https://doi.org/10.3390/nano8110953
http://www.acm.org/
https://doi.org/10.1002/jrs.6653
https://doi.org/10.7759/cureus.36229
https://doi.org/10.7759/cureus.36229

75. Soltysik, K. & Czekaj, P. Membrane estrogen receptors - is it an alternative way of
estrogen action? J. Physiol. Pharmacol. 64, 129-142 (2013).

76. Softysik, K. & Czekaj, P. ERa36-Another piece of the estrogen puzzle. Eur. J. Cell
Biol. 94, 611-625 (2015).

77. Honeth, G. et al. The CD44-/CD24-phenotype is enriched in basal-like breast
tumors. Breast Cancer Res. 10, R53 (2008).

78. Kristiansen, G. et al. CD24 expression is a new prognostic marker in breast cancer.
Clin. Cancer Res. 9, 4906-4913 (2003).

79. McFarlane, S. et al. CD44 increases the efficiency of distant metastasis of breast
cancer. Oncotarget 6, 11465-11476 (2015).

80. Liu, X, Kwon, H,, Li, Z. & Fu, Y. X. Is CD47 an innate immune checkpoint for tumor
evasion? J. Hematol. Oncol. 10, 12 (2017).

81. Tray, N., Taff, J. & Adams, S. Therapeutic landscape of metaplastic breast cancer.
Cancer Treat Rev. 79, 101888 (2019).

82. Necela, B. M. et al. Folate receptor-a (FOLR1) expression and function in triple
negative tumors. PLoS ONE 10, e0122209 (2015).

83. Saraiva, D., Guadalupe Cabral, M., Jacinto, A. & Braga, S. How many diseases is
triple negative breast cancer: the protagonism of the immune microenvironment.
ESMO Open 2, e000208 (2017).

ACKNOWLEDGEMENTS

BioRender.com was used in the creation of Fig. 2. A.C. acknowledges the support of
Alfred E. Mann Institute for Biomedical Engineering, University of Southern California.
We thank Dr. Sarah Shidler and Tim Prusnick of Renishaw for their fruitful discussions on
this work. The research was funded in part by an NIH grant through NIBIB RO1EB033918.

AUTHOR CONTRIBUTIONS

C.Z. and A.C. conceived the original idea and designed the experiments. AJ.J.
designed and fabricated the topographic imaging accessory device against the size
constraints of the commercial Raman imaging system, created the motor driver
circuit, implemented the microcontroller functions, and validated angular control
correctness. A.C. and M.B. implemented synchronization and triggering and
measured all reference spectra used for spectral unmixing. A.C. and M.B. formulated
and applied the SERS NP solutions to the imaged objects. A.C. acquired the
topographic image datasets. O.E. designed and fabricated the SERS NPs and

A. Czaja et al.

npj

conceived of porcine abdominal tissue as a human breast tissue analog. A.C. drafted
the manuscript and prepared the figures, and all authors contributed to editing the
manuscript. C.Z. supervised and supported the study.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/544303-024-00006-6.

Correspondence and requests for materials should be addressed to Cristina Zavaleta.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

(2 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

npj Imaging (2024) 2


https://doi.org/10.1038/s44303-024-00006-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A Raman topography imaging method toward assisting surgical tumor resection
	Introduction
	Methods
	Raman microscope and topographic imaging accessory
	Topography phantoms
	3D rendering
	SERS NP fabrication
	Chemicals and�NPs

	Results
	Topographic image validation
	Specimen orientation validation
	Availability of large SERS NP library
	Multiplexed SERS specificity validation
	Multiplexed SERS Topography of�Tissue
	Quantitative SERS topography of�tissue

	Discussion
	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




