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Abstract: The early detection and biological investigation of esophageal
cancer would benefit from the development of advanced imaging
techniques to screen for the molecular changes that precede and accompany
the onset of cancer. Surface-enhanced Raman scattering (SERS)
nanoparticles (NPs) have the potential to improve cancer detection and the
investigation of cancer progression through the sensitive and multiplexed
phenotyping of cell-surface biomarkers. Here, a miniature endoscope
featuring rotational scanning and axial pull back has been developed for 2D
spectral imaging of SERS NPs topically applied on the lumenal surface of
the rat esophagus. Raman signals from low-pM concentrations of SERS NP
mixtures are demultiplexed in real time to accurately calculate the
concentration and ratio of the NPs. Ex vivo and in vivo experiments
demonstrate the feasibility of topical application and imaging of
multiplexed SERS NPs along the entire length of the rat esophagus.
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1. Introduction

Esophageal cancer is responsible for approximately one-sixth of all cancer-related mortalities
worldwide [1, 2]. Although advanced endoscopy has improved the assessment accuracy and
treatment outcome of esophageal cancer [3], a large portion of esophageal cancer patients still
exhibit advanced metastatic disease at the time of diagnosis [4] resulting in poor outcomes
with current treatment modalities [5, 6]. There is a need for improved imaging diagnostics to
screen for the molecular changes that precede and accompany the onset of esophageal cancer,
as well as to investigate the molecular mechanisms of tumor progression in the esophagus. In
recent years, several imaging technologies has shown potential to improve cancer detection
by providing “optical biopsy” such as confocal laser microendoscopy and fluorescence
imaging with molecular contrast agents [7-10]. Since esophageal cancer originates from the
epithelial cells at the lumenal surface of the esophagus, the imaging of cell-surface and tissue
biomarkers at these surfaces could be used to monitor disease progression. However, due to
the variability in protein biomarker expression patterns both between patients [11] and within
a single patient over time, accurate disease diagnosis, patient stratification, and biological
investigation would benefit from the ability to simultancously image a large number of
molecular targets.

In recent decades, a variety of exogenous contrast agents have been developed to enable
the multiplexed molecular imaging of fresh ex vivo and in vivo tissues under time-constrained
conditions that are relevant for point-of-care clinical applications and preclinical
investigations [12—-14]. Among these contrast agents, surface-enhanced Raman-scattering
(SERS) nanoparticles (NPs), hereafter referred to as “SERS NPs” or “NPs”, have attracted
interest due to their brightness, low toxicity and potential for sensitive and multiplexed
biomarker detection [15]. The SERS NPs utilized in this study are available in multiple
“flavors,” each of which emits a characteristic Raman fingerprint spectrum that allows for the
identification and quantification of large multiplexed mixtures of different NP flavors when
illuminated at a single wavelength [16-18]. Individual flavors of SERS NPs can be
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conjugated to unique antibodies or small-molecule ligands to target a diverse panel of cell-
surface or tissue biomarkers. After orally introducing these biomarker-targeted NPs into the
esophagus (e.g., by oral gavage or by having the subject ingest a cocktail of NPs), physicians
and tumor biologists would be able to obtain a rich set of molecular information to detect
cancer cells more accurately during endoscopic procedures and to study the molecular
changes associated with tumor progression. Recently, a few studies have reported the
multiplexed detection of large panels of nontargeted SERS NPs in live animals and human
tissues [18-24]. Our lab and a few other groups have also developed biomarker-targeted
SERS NPs and have demonstrated their specific binding abilities with cancer cells and tissues
[25-30].

Most recently, we demonstrated a ratiometric method that quantifies the specific binding
of a panel of biomarker-targeted NPs on fresh tissues and eliminates the ambiguities that
often arise due to nonspecific sources of contrast [30]. Ratiometric quantification is important
for molecular imaging due to the fact that contrast agents show varying levels of nonspecific
accumulation, which is often misleading. For example, normal tissues can generate stronger
signals than tumors due to higher nonspecific retention of contrast agents, i.e. inverse contrast
[31, 32]. On the other hand, the opposite effect — enhanced penetration and retention (EPR) in
tumors versus normal tissues — is also often observed [33-35]. Regardless of the functional
mechanisms for the accumulation of contrast agents in tissues, there is increasing agreement
that utilizing a dual-reporter ratiometric detection strategy, in which one negative reporter
serves as a control for a simultaneously delivered positive probe, is valuable to accurately
identify and quantify molecularly specific binding [23, 31, 32, 34]. SERS NPs are particularly
suited for this ratiometric strategy, not only due to their excellent multiplexing capability but
also due to the fact that they can be excited at a single illumination wavelength, ensuring that
all NP flavors in a single measurement are interrogated identically in terms of illumination
intensity, spot size and effective excitation depth.

In light of the diagnostic potential of SERS NPs, there has been interest in the
development of instruments for the spectroscopic detection and imaging of SERS NPs in
tissues [19, 21, 23]. For example, a hand-held spectroscopic pen device has been developed
for intraoperative detection of SERS signals from malignant tumors in mice [21], and a small-
animal Raman imaging system has been developed to detect multiplexed SERS signals in
both superficial and deep tissue locations [20]. Recently, a fiber-optic Raman spectroscopy
device was deployed through a clinical endoscope for use in human patients in vivo, and the
detection and quantification of nontargeted SERS NPs on excised human colon tissues was
demonstrated [19]. However, a spectral endoscope for comprehensive in vivo imaging of the
esophagus has not been reported yet. Although recent studies have shown that SERS NPs
applied topically in the rectum show no toxicity and result in negligible systemic uptake [36,
37], the systemic toxicity of these NPs when orally administered is unknown and SERS NPs
are not currently approved for administration in the human esophagus. Therefore, we are
developing a device to image the rat esophagus. In the future, this device may be used to
investigate the molecular changes associated with tumor progression in rat models such as a
chemically induced model of esophageal cancer [38, 39] as well as an orthotopic xenograft
model [40].

In this article we describe the design of a rotational spectral-imaging endoscope for
comprehensive imaging of SERS NPs topically applied in the rat esophagus with sub-
millimeter resolution as well as validation studies demonstrating the sensitivity and accuracy
of the device for the quantitative ratiometric imaging of multiplexed SERS NPs. While our
previous studies have utilized three or more multiplexed NP flavors [30, 41], this study
demonstrates the initial feasibility of our technologies with the simplest case of two NP
flavors topically applied on cylindrical tissue phantoms and on fresh rat esophagus tissues (ex
vivo and in vivo). Future studies using this device will include in vivo multiplexed molecular
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imaging of rat esophageal cancer models with targeted SERS NPs, such as the NPs recently
described by us [30].

2. Methods
2.1 SERS nanoparticles

The SERS NPs used in this study were purchased from Cabot Security Materials Inc [42].
These NPs consist of a unique layer of Raman reporters adsorbed on a 60-nm gold core,
which are encapsulated in silica, resulting in an overall diameter of ~120 nm. The silica
encapsulation protects the Raman spectra in these NPs from environmental conditions and
allows each flavor of NP to be accurately identified based on its stable and unique Raman
fingerprint spectrum regardless of the buffer or medium in which it is suspended. Two
“flavors” of NPs were used in this study, identified as S420 and S440. Additional details may
be found in the literature [25].

8-mm tall linear array

a 785-nm of multimode 200-pum slit Spectrometer
narrowband filter fibers 9
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36 multimode
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Fig. 1. Schematic of a customized spectral-imaging endoscope and SERS-endoscopy system.
(a) Experimental platform to detect multiplexed NPs within the esophagus of a rat. (b) Zoom-
in rendering of the prism and fiber-bundle imaging probe within a glass guide tube and rat
esophagus (Media 1). (c) Cross-sectional illustration of the illumination and collection beam
paths. (d) Scanning trajectory for comprehensive imaging of the rat esophagus. To illustrate
our scanning strategy, the guide tube is unfolded and the neutral position (0°) and turning
points ( + 180°) are marked. The probe rotates between + 180° as it is slowly pulled out of the
esophagus. The colored circles represent the spot size of the laser illumination and the spacing
between consecutive spectral acquisitions (image pixels).

2.2 Customized spectral-imaging endoscope

The endoscope developed in this study is comprised of a glass guide tube that is in contact
with the rat esophagus and a fiber-optic probe inserted into the guide tube that is rotated and
translated axially to image the lumen of the esophagus comprehensively (Figs. 1(a) and 1(b)).
A miniature spectral-imaging probe with an outer diameter of 2.5 mm was developed to
quantify and visualize SERS NPs applied on esophagus tissues. A singlemode fiber at the
center of the fiber-bundle-based probe is used to illuminate the sample using a low-power
785-nm diode laser (~10 mW at the tissue) while 36 multimode fibers (200-um core)
surrounding the singlemode fiber are used to collect optical signals including Raman-
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scattered light (Fig. 1(b)). The fiber bundles are enclosed in a 0.4 mm-thick steel tube with an
outer diameter of 2.5 mm (Fig. 1(b)). The light exiting the singlemode fiber diverges (1/e* NA
~0.12) and illuminates a spot of roughly 0.5 mm in diameter (FWHM) at the tissue surface
that is located ~3 mm from the distal end of the fiber bundle. A customized spectrometer
(Bayspec Inc.) is used to disperse the light collected from the 36 multimode collection fibers
onto a cooled deep-depletion spectroscopic CCD (Andor Newton, DU920P-BR-DD) with a
spectral resolution of ~2 nm (~30 cm™"). Additional details about the detection system have
been described previously [41].

To accomplish rotational scanning, a customized 30° glass prism (Tower Optical Inc.) was
adhered to the probe tip to deflect the illumination beam to the esophagus tissue as well as to
collect Raman signal from the illuminated tissue area (Fig. 1). By angling the beam paths at
30° with respect to the direction normal to the tissue surface, the prism design reduces
specular reflections and spectral background. The 2.5-mm diameter fiber-bundle probe is
inserted within a 3.25-mm diameter borosilicate glass guide tube (2.6-mm inner diameter,
Rayotek Scientific Inc). The glass guide tube is first inserted into the esophagus such that the
lumen of the rat esophagus is gently stretched and flattened around the guide tube, thereby
ensuring that the optical working distance is fixed and that the laser illuminates the tissue
with a uniform spot size as it scans the lumenal surface of the tissue.

2.3 Rotational pull-back scanning of the spectral endoscope

For rotational scanning, a hollow-shaft stepper motor (11-mm inner diameter, Nanotec
ST5918) positioned outside of the rat is used to hold and rotate the rigid imaging probe (Fig.
1(a)). The stepper motor is translated on a linear stage (Zaber Technologies, T-LSM200A) in
the axial direction to pull the inner probe back at a programmed rate (1-1000 pm/s). The
proximal end of the fiber bundle is flexible to allow for stable attachment of the collection
fibers (linear array) into a spectrometer while the distal end is rotated (Figs. 1(c) and 1(d)
depict the scanning trajectory of the endoscope). Images are reconstructed using custom
LabVIEW software, with the stepper motor and translation stage controlled using a National
Instruments data acquisition system. The spatial resolution of the endoscope is determined by
the 0.5-mm diameter (FWHM) illumination spot on the esophagus tissue wrapped around the
outer surface of the glass guide tube (Fig. 1(c)). In order to fully sample the esophagus, the
imaging probe acquires 30 spectral acquisitions per rotation (12° per acquisition), and is
translated 0.3 mm in the axial direction during each rotation with an adjustable frame rate of
up to 10 spectra/s (up to 0.6 cm/min for esophagus imaging). To protect the fiber bundles
from twisting, the imaging probe is alternately rotated in the positive and negative directions
(+ 180 deg) from a neutral position (0° in Fig. 1(d)).

2.4 Demultiplexing SERS spectra using direct classical least squares (DCLS)

To calculate the concentration and ratio of SERS NPs from a raw spectrum, this study
employed a commonly used direct classical least squares (DCLS) demultiplexing method
described previously [18, 41, 43]. Generally, other than sources of random noise, it is
assumed that each measured spectrum consists of a linearly weighted sum of fixed
nanoparticle spectra (F,) and broadband background signals (B;). Based on the assumption
that the combination is linear, we employ a linear least-squares algorithm to compute the
relative nanoparticle weights (w,). A third-order polynomial is included to account for
broadband background signals that are not captured by the reference spectra (B)).

S=>wF,+> kB +Y a,P, +R (1)

where:

S = measured spectral data
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w, = weight of SERS flavor n

F, = known reference spectrum of SERS nanoparticle flavor n

k; = scaling factor for background signal magnitude

B; = known reference spectra (principle components) of broadband background
a,, = weight of m"™-order polynomial term

P,, = m™-order polynomial term (for baseline correction)

R =residual (minimized by least-squares algorithm)

In order to process raw spectral data, we first subtract the constant detector noise that is
obtained with the laser illumination turned off. The spectra are cropped and only the range
700-2000 cm™' (Raman shift) is used for demultiplexing analysis. Reference spectra are
obtained for pure NP flavors, F,, as well as for the broadband background, B;. In order to
obtain a NP reference spectrum, a 1-uL drop of stock NPs (800 pM concentration) is placed
on the prism of the imaging probe, allowing the laser beam to pass through the center of the
drop. A spectrum is recorded from the NP sample with a 1-s integration time. Next, another
spectrum is recorded from a drop of the buffer in which the NPs were previously suspended
within (water or PBS), under identical conditions (e.g., droplet volume, detection geometry,
detector settings). These two spectra are subtracted from each other to obtain the pure
reference spectra of the NPs. In order to obtain background reference spectra, B;, the sample
(e.g., tissue) is stained with an appropriate buffer solution (generally PBS) that is devoid of
NPs. A spectrum of the buffer-stained sample is acquired under the exact same conditions
(e.g., laser and detector settings, measurement geometry, etc.) used for measuring NP-stained
samples. Multiple spectra are acquired to obtain an average background reference spectrum.
In addition, up to 1 or 2 additional background components can be determined through
principle component analysis (PCA) to form a sufficiently complete set of background
references, B;.

2.5 Imaging of small tissue phantoms

The NP flavors, S420 and S440, were mixed in either a 1:1 ratio or a 3:1 ratio, and diluted to
high and low concentrations in Matrigel (100 pM and 10 pM for S440). A 0.5-pL drop of the
low-concentration Matrigel phantom and a 1-uL drop of the high-concentration phantom were
placed at adjacent sites on the exterior of a glass guide tube.

The imaging probe was used to scan a 9-mm section of the glass tube (scanning area 91.8
mm?), containing the high- and low-concentration NP phantoms, with an integration time of 1
s per spectrum. The 900 acquired spectra were demultiplexed with a LabVIEW program to
calculate the weights of S420 and S440 at each time point. The concentrations and
concentration ratio were calculated based on a calibration measurement with a stock mixture
of S420 and S440 (see the linearity test in Section 3.1).

2.6 Animal imaging

Male Fischer 344 Inbred rats (7-9 weeks, Harlan Laboratories, Inc) were used for spectral
imaging studies. All animal work was approved by the Institutional Animal Care and Use
Committee (IACUC) at Stony Brook University.

For ex vivo experiments, rats were euthanized via inhalation of CO,, followed by the
surgical removal of esophagus tissue (~8 cm in length). A 3.25-mm diameter guide tube (10
cm in length) was inserted into the rat’s esophagus and fixed by a holder. The imaging probe
was then inserted within the guide tube to record the tissue background as well as to record
SERS NP signals in later experiments.

For in vivo experiments, rats were anesthetized via intraperitoneal injection of ketamine
and xylazine. A 3.25-mm diameter guide tube measuring 10 cm in length was inserted into
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the rat’s esophagus until gently opposed by the esophageal sphincter at the entrance to the
stomach. The imaging probe was then inserted within the guide tube to record the tissue
background as well as to record SERS NP signals in later experiments (similar to ex vivo
experiments).

For the rotational scanning experiments, the measured weight of the SERS NPs
(demultiplexing result) often exhibited a periodic fluctuation (0.5-2 pM level) due to optical
and mechanical variations during rotation. While the ratiometric quantification of NP
concentrations is relatively insensitive to many of these common-mode fluctuations in signal,
these fluctuations can lead to increased errors in our measurements, especially at low NP
concentrations. Therefore, we discarded any data points in which the demultiplexed NP
weights were within the noise floor of our system (w; < 0.0015, corresponding to a NP
concentration of less than 1 pM).

3. Results
3.1 Reproducibility and linearity of endoscopic spectral measurements

To assess detection uncertainty, a 1-uL drop from a mixture of NPs (S420 and S440, 200 pM
for each) was placed on the guide tube, and 50 acquisitions were taken with the laser beam
passing through the center of the drop. Different detector integration times were tested,
including 0.1 s, 0.25 s, 0.5 s, 1 s and 2 s. Each set of 50 acquisitions was then demultiplexed
to calculate the NP weights, which were used to evaluate the coefficient of variation (CV):
CV = o/p, where o is the standard deviation of the weight (or weight ratios) and p is the
average of the weight (or weight ratios). The CVs of the measured weights and ratios were
below 1% for integration times of 0.5 s or greater, and below 3% at an integration time of 0.1
s (Fig. 2(a)).

For linearity and limit-of-detection tests, both a single NP flavor and two-flavor NP
mixtures were placed on a glass guide tube and detected with the spectral endoscope. Single-
flavor samples included S440 solutions at 1, 2.5, 5, 10, 25, 50, 100, 200 and 400 pM. Two
sets of two-flavor samples were prepared with different mixture ratios. One set was made by
mixing S420 and S440 in an equimolar ratio (1:1) and diluted to different concentrations (0.5,
1, 2.5, 5, 12.5, 25, 50, 100, 200 and 400 pM). The other set was made by mixing S420 and
S440 in a 3:1 volume ratio and diluted to different concentrations (for S440: 0.5, 1, 2.5, 5, 10,
25, 50, 100 and 200 pM). For these measurements, a 1-uL drop from each sample was placed
on the guide tube, and 3 acquisitions were obtained with the laser beam directed through the
center of the drop. The acquired spectra were then demultiplexed to calculate the NP weights.
In order to calculate the concentration of NPs based on the measured weights, a calibration
measurement was performed by recording the weights of known stock concentrations of S420
and S440. The concentrations and concentration ratios of S420/S440 are plotted in Figs. 2(b)-
2(f). For both single-flavor and two-flavor experiments, the measured concentrations and
concentration ratios exhibit good linearity in the range of 1 to 400 pM, with larger errors
(>20%) appearing below 1 pM. Therefore, all data presented in this paper correspond to NP
concentrations considerably greater than 1 pM.

3.2 Demonstration of endoscopic imaging with a tissue phantom

In order to test the endoscopy strategy, Matrigel (BD Biosciences, 354234) was mixed with
two flavors of NPs and placed on a glass guide tube. In previous studies, a multiplexed panel
of NP-mAb conjugates were allowed to preferentially bind to cell-surface biomarkers that
were unique to different tissue types (tumor or normal) [30]. In these previous studies, which
utilized targeted SERS NPs to stain tumor and normal tissues in mice, topical application of
multiplexed NPs for a 5-10 min period resulted in variable NP concentrations of 10-100 pM
on tissue surfaces, and NP concentration ratios ranging from 1 to 3. Therefore, to simulate
these conditions, “tissue islands” were placed on the glass guide tube consisting of NP
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concentrations of 10-100 pM and NP concentration ratios of 1:1 or 3:1 (for additional details,
refer to Section 2.5).
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Fig. 2. Reproducibility and linearity of endoscopic spectral measurements. (a) Measurement
variability depends on integration time. (b) Single NP flavor and (c-f) a two-flavor linearity
test. Error bars represent one standard deviation of the measured concentrations or
concentration ratios. For the two-flavor experiments, the NP flavors S420 and S440 were
mixed in either a 1:1 ratio (c, d) or a 3:1 ratio (e, f) to test the accuracy of the demultiplexing
algorithm.

Figures 3(a)-3(d) show the concentrations and concentration ratios of the two “tissue
islands”. The NP flavors are clearly detectable even at low concentrations of 10 pM (Figs.
3(a) and 3(c)). Note that the maximum concentrations vary due to the uneven distribution of
NPs as the Matrigel solidifies, as well as the variable thickness of the curved Matrigel droplet.
However, in contrast to the NP concentrations, the measured concentration ratios show less
fluctuation due to the fact that both NP flavors are distributed identically within the Matrigel
and maintain a constant mixture ratio (Figs. 3(b) and 3(d)). For example, Figs. 3(e) and 3(g)
are images of measured NP concentrations (S440), showing that the concentration gradually
decreases from the center of the phantom to the edge. In comparison, the NP ratios (Figs. 3(f)
and 3(h)) are more uniform within each phantom and also between the H and L phantoms.

3.3 Demonstration of endoscopic imaging in the rat esophagus

Ex vivo experiments were first performed to demonstrate the imaging ability of the spectral
endoscope and to develop a NP-staining protocol (Fig. 4(a)). The excised esophagus was
rinsed with PBS and then irrigated with a mucolytic agent (N-Acetyl-L-cysteine, or NAC for
short, Sigma-Aldrich, part No. A7250) to allow the NPs to access and adhere to the tissue
more effectively (0.5 mL at 0.1 g/mL). A glass guide tube was inserted within the esophagus
lumen, along with the Raman probe, for acquiring tissue background measurements (300
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acquisitions on a 1-mm section of the esophagus). The guide tube was then removed from the
esophagus to allow for NP staining by pipetting in 50 puL of a two-flavor equimolar mixture
(200 pM per flavor). After staining for 5 min, excess NPs were washed away by irrigating the
esophagus with 1 mL of PBS. The guide tube and Raman probe were then re-inserted into the
esophagus for spectral imaging of the NPs.
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Fig. 3. Tissue phantom imaging. Two flavors of NPs were mixed in either a 1:1 ratio (a, b, e, f)
or a 3:1 ratio (c, d, g, h) within a Matrigel phantom at both high (H) and low (L)
concentrations. (a, ¢) Measured concentrations of the two NP flavors; (b, d) ratio of measured
NP concentrations; (e, g) image of the NP concentrations (S440); (f, h) image of the NP ratios.

The fresh esophagus was physically modified to test if the endoscope could detect tumor
phantoms. In short, small holes were cut in the esophagus tissue as it was stretched around a
glass guide tube. NP-matrigel phantoms were placed in those holes to simulate NP-labeled
tumors. Based on our previous data with tumor-bearing mice [30] and human breast tumor
specimens (unpublished data), the ratio of biomarker-targeted vs. nontargeted control NPs
reaches 2-3 for tumors while for normal tissues the ratio remains at 1. More specifically, after
staining the esophagus with a two-flavor equimolar mixture of NPs, three 1-2 mm holes were
cut in the normal esophagus tissue, and matrigel phantoms containing a 3:1 ratio NP mixture
(S440: 100 pM, S420: 300 pM) were placed in the holes as simulated tumors (1-2 pL
depending on the hole size). The esophagus was imaged immediately after this modification
by scanning a 1.5-cm section with a 0.25-s integration time per spectrum (1500 acquisitions).
The image of the measured concentrations and ratios are shown in Figs. 4(e)-4(g). Note that
for the concentration images (Fig. 4(e): S420, Fig. 4(f): S440), the tumor phantoms cannot be
easily identified due to the high variability in NP concentrations across the tissue. In
comparison, the ratio image (Fig. 4(g)) is highly insensitive to the variations in absolute NP
concentrations and clearly reveals the location of the tumor phantoms. Only the tumor
phantoms show an elevated ratio (1.5-3) while the normal tissues maintain a constant ratio
near unity (0.8—1.2).

In vivo experiments were performed to explore the feasibility of topical application of NPs
into the rat esophagus through oral gavage (n = 6), and to test the imaging speed and accuracy
of the spectral endoscope (Fig. 5(a)). For in vivo experiments, one side of the guide tube was
sealed to prevent liquids from entering the tube, and the distal tip of the guide tube was
slightly tapered to ease the insertion of the tube into the esophagus (see top inset panel in Fig.

5(a)).
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Fig. 4. Ex vivo imaging of the rat esophagus. (a) Photograph of the Raman endoscope. (b) The
reference spectra of the NP flavors S420 and S440; (c) Raw spectra from freshly excised
esophagus and NP-stained esophagus (untreated or NAC-treated); (d) Zoom-in view showing
the distal probe tip in a guide tube and tumor phantoms (green box) on a freshly excised rat
esophagus. Images showing measured concentrations of S420 (e) and S440 (f), as well as the
concentration ratio of S420/S440 (g). Scale bars =2 mm.

After anesthetizing the rat, the guide tube and imaging probe were first inserted to record
tissue background spectra, and then gently pulled out. After the rat regained consciousness,
the esophagus was irrigated with 0.5 mL of the NAC mucolytic agent (0.1 g/mL) through an
oral gavage catheter placed within the esophagus, followed by irrigation with a two-flavor
equimolar mixture of SERS NPs (400 pM/each, 0.2 mL). After 5 minutes, unbound NPs were
rinsed away by irrigating the esophagus again with PBS (1 mL volume). The animal was
anesthetized, and the guide tube and probe were inserted into the NP-stained esophagus to
image the NPs. Results demonstrate that the oral gavage protocol is effective for the in vivo
topical application of SERS NPs in the rat esophagus, with sufficient nonspecific
accumulation of the NPs such that a short integration time of 0.1 s could be utilized for
imaging of the NP concentrations and ratios (Figs. 4(c) and 5(b)). Figures 5(c) and 5(d) are
images of the measured concentration (S420) and NP ratios (S420/S440). Note that although
the esophagus is not evenly stained (NP concentrations vary from 10 pM to 160 pM as shown
in the histogram below Fig. 5(c)), the ratio remains relatively constant (near unity) over the
entire imaged area (Fig. 5(d)), thereby demonstrating a key advantage of the ratiometric
strategy (see discussion section). The imaging coordinates of each acquisition were also
recorded (Fig. 5(e)), which will be helpful for localizing lesions during detection, surgical
guidance, and biological investigations.
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Fig. 5. In vivo imaging performed after an oral-gavage protocol. (a) Photograph of the in vivo
experimental system with an anesthetized rat. (b) CV of the imaged concentrations (S420) and
concentration ratios (S420/S440) within the esophagus at different detector integration times
showing that the NP ratios are relatively constant in spite of large fluctuations in absolute NP
concentration. Images showing measured concentrations of S420 (c) and concentration ratios
of S420/S440 (d). Scale bars = 2 mm. (e) Reconstructed esophagus images with physical
coordinates. The lower teeth of the rat were used as a z = 0 reference point in the axial
direction.

4. Discussion

An emerging endoscopic strategy for detecting or investigating gastrointestinal cancers is to
visualize the molecular phenotype of tissues through the use of molecularly targeted contrast
agents [8, 19, 44]. Among various types of contrast agents, SERS NPs have attracted interest
in recent years because of their high multiplexing capabilities and minimal systemic uptake
and toxicity when applied to epithelial tissues [36, 45]. Here, we have described a miniature
spectral endoscope custom developed to image SERS NPs topically applied within the rat
esophagus through an oral gavage procedure. With a DCLS demultiplexing algorithm, the
endoscope is able to measure the concentrations of multiplexed NPs with a limit of detection
of 1 pM and an imaging speed of 0.6 cm/min (10 spectra/s). The disadvantage of rotational
scanning is that it is designed to image the entire lumen of the esophagus and will therefore
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require more time than a localized imaging device. However, the advantage of the device
developed in this study, versus a forward-looking device [19], is the ability to
comprehensively image the entire organ to screen for molecular changes without prior
knowledge about the location of potential lesions.

A calibrated ratiometric strategy has been demonstrated to accurately quantify the relative
concentration of multiplexed NPs on esophagus tissue in spite of large variations in absolute
NP concentrations (Figs. 3-5). A significant motivation for introducing the ratiometric
strategy is that contrast agents are not only sensitive to molecular targets but also behave
differently in response to tissue morphology, porosity, nonspecific chemical targets, and
topical-application parameters. For example, normal tissues can exhibit stronger signals than
tumors due to higher retention of contrast agent, i.e. inverse contrast [31, 32], while in some
other cases, tumors exhibit stronger signals than normal tissues due to EPR [33-35]. In
addition, contrast agents are seldom distributed evenly when administered via systemic or
topical application (Figs. 3(¢), 3(g), 4(e), 4(f) and 5(c)). To eliminate these sources of image
ambiguity, various groups are utilizing and witnessing the power of a dual-reporter
ratiometric detection strategy, in which one negative reporter serves as a control to assess the
behavior of a simultaneously delivered positive reporter for accurate identification and
quantification of molecularly specific binding [23, 31, 32, 34]. SERS NPs are ideal reporters
for such ratiometric strategies since they are excited at a single illumination wavelength (785
nm), ensuring that all NP reporters in a single measurement are interrogated identically in
terms of illumination intensity, detection area, and effective excitation depth.

Through a series of imaging experiments with tissue phantoms and real tissues (Figs.
2-5), we have demonstrated that our endoscope can accurately quantify the relative
concentration ratios of NP flavors mixed in a 1:1 ratio or 3:1 ratio. These two conditions
represent the range of ratios obtained when targeted and nontargeted SERS NPs were
previously used to stain fresh tumor and normal tissues ex vivo and in vivo in animal models
[30] and on human tissues (unpublished data).

Another important result of this study is that sufficient staining of the esophagus with
multiplexed NPs (10-160 pM in Fig. 5(c)) is achieved with a 5-min topical application (oral-
gavage) procedure. In the future, our spectral endoscope will be utilized for multiplexed
molecular imaging of rat esophageal cancer models with targeted SERS NPs. In addition, it
will be interesting to test our oral application protocol and imaging strategy with larger
animal models, such as swine, which more closely resemble the human esophagus in terms of
size and geometry. Our previous studies have shown that the ratiometric imaging of SERS NP
mixtures is relatively insensitive to variations in working distance and tissue geometry [30].
Therefore, in larger animal models and humans, a guide tube should not be necessary and a
rotational Raman-imaging device could be deployed through the instrument channel of a
standard endoscope. These future studies will leverage our recently developed protocols for
the topical-delivery and rinsing of multiplexed SERS NPs (5-10 min), along with a
quantitative ratiometric detection strategy to unambiguously visualize cell-surface biomarkers
on tissues. These tools have the potential to improve our ability to detect and investigate the
molecular mechanisms of esophageal cancer progression.
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