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Abstract

Two clear windows in the near-infrared (NIR) spectrum are of considerable current interest for in-
vivo molecular imaging and spectroscopic detection. The main rationale is that near-infrared light
can penetrate biological tissues such as skin and blood more efficiently than visible light because
these tissues scatter and absorb less light at longer wavelengths. The first clear window, defined as
light wavelengths between 650 nm and 950 nm, has been shown to be far superior for in-vivo and
intraoperative optical imaging than visible light. The second clear window, operating in the
wavelength range of 1000 nm to 1700 nm, has been reported to further improve detection
sensitivity, spatial resolution, and tissue penetration because tissue photon scattering and
background interference are further reduced at longer wavelengths. Here we discuss recent
advances in developing biocompatible plasmonic nanoparticles for in-vivo and intraoperative
surface-enhanced Raman scattering (SERS) in both the first and second NIR windows. In
particular, a new class of “broad-band” plasmonic nanostructures is well suited for surface Raman
enhancement across a broad range of wavelengths allowing a direct comparison of detection
sensitivity and tissue penetration between the two NIR window. Also, optimized and encoded
SERS nanoparticles are generally nontoxic and are much brighter than near-infrared quantum dots
(QDs), raising new possibilities for ultrasensitive detection of microscopic tumors and image-
guided precision surgery.
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2. Introduction

Surface enhanced Raman scattering (SERS) continues to garner great interest for use in
biology and medicine owing to having signals of exceptional sensitivity and specificity [1,2].
In particular, SERS offers many favorable properties that are well suited for in-vivo
molecular imaging and spectroscopic detection. In contrast to fluorescence, SERS signals
are much more stable against photobleaching [3,4], and their peak widths are often less than
a few nanometers [5]. The spectral signatures from Raman scattering are unique, allowing an
unmistakable discrimination between target and background signals [6,7]. SERS
nanoparticle probes, otherwise known as SERS nanotags, have simple constructions
consisting of a metallic core, a Raman reporter giving a unique spectral signature, and a
coating for biocompatibility and linkage to bioaffinity molecules or targeting ligands (see
Figure 1A). Changing the spectral signature can be simply performed by changing the
Raman reporter [8,9], thereby avoiding complicated chemistries that are often required for
spectral changes in fluorescence probes. SERS probes with different spectral signatures can
all be excited at a single wavelength and detected with simple instrumentation for
multiplexing. In contrast to organic NIR fluorophores that are often limited by poor quantum
yields and low extinctions [10], strong SERS spectra can be obtained at near-infrared
wavelengths with ultrahigh sensitivity and specificity (reaching detection limits of
femtomolar to attomolar levels) [6]. Such detection limits far exceed that of current imaging
modalities such as fluorescence, optical coherence tomography (OCT), magnetic resonance
imaging (MRI), x-ray computed tomography (CT), and positron emission tomography
(PET). In addition, SERS nanotags are considerably brighter and much more photostable in
comparison with organic dyes and fluorescent proteins (Figure 1B).

As depicted in Figure 1C-E, two clear windows for in-vivo optical imaging exist in the NIR
window (650 — 1700 nm) of the optical spectrum [10,11]. Wavelengths in the visible
spectrum (< 650 nm) have very limited penetration into tissues, as visible light is heavily
absorbed and scattered [12,13], and suffers from extensive background autofluorescence
from tissue chromophores [14]. Moreover, increased scattering of light limits both spatial
resolution and signal-to-background ratios due to more photons migrating away from the
main path between excitation and emission sources. On the other end of the window,
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wavelengths greater than 1700 nm are affected by increased losses due to water absorption
[10]. The NIR window is further broken down into two regions, classified as the first (650—
900 nm) and second (1000-1700 nm) NIR windows. The demarcation within 900 — 1000 nm
is mainly due to the spectral bounds of CCD detectors made of either silicon (Si) or indium
gallium arsenide (InGaAs), where the detection quantum efficiency drops after 900 nm for
silicon and arises abruptly after 1000 nm for indium gallium arsenide (Figure 1C).

3. SERS in the First NIR Window

In-vivo SERS studies started with instrumentation in the first NIR window due to readily
available and cost-effective dispersive Raman systems using 785 nm diode lasers and silicon
CCD detectors having high speed and detection sensitivity. Nie and coworkers were the first
to use biocompatible SERS nanotags for in-vivo tumor detection applications [15]. They
developed SERS tags having superior brightness over organic fluorophores and quantum
dots, and demonstrated their use for in-vivo tumor identification. Additionally, they observed
that adding targeting ligands to the nanoparticle surface did not increase the total
accumulation of nanoparticles to tumor, but rather kept nanoparticles localized within the
tumor for a longer period of time. This finding challenged the previously held belief that
adding targeting ligands could increase nanoparticle uptake within solid tumors [16]. Soon
after, Gambhir and coworkers demonstrated the great multiplexing power of in-vivo SERS
imaging, showing ten different signatures of SERS tags could be simultaneously identified
[8]. Since these pioneering reports, there has been an increasing number of publications
using SERS techniques for in-vivo applications, primarily focusing on cancer imaging and
detection. Nanoparticles have preferential accumulation within tumors due to the tumor
physiological characteristics of leaky vasculature and impaired lymphatics, otherwise known
as the enhanced permeability and retention (EPR) effect [17,18]. However, unlike other
imaging techniques using nanoparticles, SERS can detect microscopic tumors at the single-
cell sensitivity level, providing a unique advantage in aiding surgical resections of residual
tumors and metastatic lymph nodes. Survival for many cancer patients depends strongly on a
complete resection which requires a surgeon to see the entire scope of tumor infiltration
within surrounding normal tissues, including microscopic metastatic legions. In a typical
SERS guided surgical procedure, SERS tags are injected intravenously and are allowed to
circulate and hone to cancer cells for a period of several hours, after which the tumor area is
inspected with a handheld fiberoptic device that excites and collects the signal from the
SERS tags (Figure 2) [19,20]. Resecting under the guidance of SERS signals, the surgeon
can remove the primary tumors and satellite metastatic legions completely, sparing normal
or healthy tissues.

A recent noteworthy advance in precision tumor detection using SERS tags has been
reported by Kircher and colleagues [7]. They demonstrated the use of SERS tags having 1.5
fM sensitivity to detect tumors in models of pancreatic, breast, and prostate cancers along
with sarcomas. This study showed that bright SERS tags could be used to not only determine
primary tumor margins, but also microscopic tumor foci invading into surrounding tissues
and micrometastatic legions. Interestingly, these SERS tags were also able to identify
precancerous legions. The targeting of SERS particles to both microscopic cancerous and
precancerous legions was believed to arise from accelerated macropinocytotic uptake at
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these regions. Small or microscopic tumor legions are less likely to have lymphatic
impairment, so their retention cannot be explained by the EPR effect. Similar observations
of enhanced internalization by cancer cells have also been reported for nano-sized ICG-
albumin complexes [21], a common fluorophore used in fluorescence guided surgery. A
major feature of this enhanced cellular uptake mechanism is that it is applicable to many
cancer types, thus avoiding the need for targeting agents, which tend to be limited as they
only target particular cancer cell subtypes. In general, the concentrations of internalized
SERS particles are low within malignant and premalignant cells, but spectroscopic detection
is still possible due to the brightness of SERS nanotags. The same group has also developed
Raman reporters with exceptionally strong signals, offering detection limits at the attomolar
level [6], potentially allowing the detection of a single cancer cell. The ability to precisely
determine tumor margins and identify small legions from many cancer types is a compelling
reason for developing SERS nanoparticles for future clinical use.

4. SERS in the Second NIR Window

Though the first NIR window offers better tissue penetration than visible wavelengths, more
favorable optical conditions can be met by moving towards longer wavelengths inside the
second NIR window. Major benefits of operating in the second NIR window arise mainly
from further reductions in absorbance, scattering, and the autofluorescence background [22—
27]. Less absorbance leads to less heating, for instance the maximal permissible intensity
applied to the skin at 1064 nm is 3.4 times higher than 785 nm [28]. Tissue light scattering is
considerably reduced at longer wavelengths as it scales with -2, where a ranges between 0.2
— 4 [10,13]. Fluorescence by tissue chromophores also decreases exponentially at longer
wavelengths reaching undetectable levels beyond 1500 nm [29-31].

Investigations of in-vivo SERS in the second NIR window are just beginning to be reported.
Traditional FT-Raman systems operating in the second NIR window were inadequate for in-
vivo studies due to limitations in sensitivity, speed, and spatial resolution. However, newer
dispersive technologies using low-loss spectrographs and high-sensitivity InGaAs CCDs are
starting to become more cost-effective and readily available. As a result, researchers are
currently developing SERS tags that are active within this region. We note that at these
longer wavelengths, it becomes increasingly important to have both the particle’s plasmonic
absorption and Raman reporter in resonance with the excitation wavelength, leading to
exceptional SERS enhancements [32]. Plasmon resonances are tuned with the degree of
anisotropy of the particle [33-37]. Anisotropic particles that support plasmons throughout
the NIR region include nanorods [38—40], nanobipyramids [41-43], nanocages [44-46],
nanoshells [47-50], nanotriangles [51-53], nanostars [54-58], and nanomatryoshkas
[59,60].

A significant amount of work in advancing SERS tags into the second NIR window has been
performed by Graham and colleagues. They have designed hollow gold nanoshells and
resonant Raman reporters to generate SERS tags with strong enhancements at wavelengths
greater than 1000 nm [48,50,61,62]. Specifically, their SERS tags were able to achieve
picomolar detection sensitivities using both 1280 nm and 1550 nm excitation wavelengths
[48,61]. Recently, they were able to demonstrate designs achieving 4-5 fM detection limits
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using a hand-held device operating with 1064 nm excitation at 30 mW using 0.5-s
acquisition [62]. These particles are promising, as they are bright enough to be useful for in-
vivo spectroscopic detection. We do believe further advancements can be made on the
particle to attain detection sensitivities on par with those designed for 785 nm excitation.
With nanoshells, the gold layer becomes too thin when aiming for resonances in the second
NIR window, effectively turning the particle into a better absorber than a scatterer [33,63].
This limits the ability of a particle to support exceptionally strong SERS signals. Thus,
anisotropic nanoparticles with larger metal volumes, supporting larger scattering
contributions to the extinction, are preferable.

Most recently, Lane and Nie have experimentally compared the spectral and tissue scattering
properties of SERS nanoparticles between the first and the second NIR windows (Figure 3).
The results show that colloidal gold nanorods are “broad-band” plasmonic nanostructures
that can be used for efficient surface Raman enhancement at both 785 nm and 1064 nm
excitations. The spectral intensity patterns are considerably different, most likely because the
reporter molecule (IR-1061) shows a resonance effect at 1064 nm, but not at 785 nm. When
the SERS nanoparticles were buried under a 4-mm thick skin tissue (ex vivo), the SERS
signal intensities were dramatically attenuated, but the ex-vivo SERS spectrum in the second
NIR window still faithfully reproduced the original spectrum of the SERS particles. In
contrast, the SERS spectrum in the first NIR window was hardly discernable due to strong
tissue scattering and interference from the skin Raman spectrum (see Figures 3C and 3D).

and Preclinical Studies

Preclinical evaluation of SERS nanoparticles started with a report by Zavaleta et al. [64],
who examined the dynamic biodistribution behaviors of SERS tags delivered either
intravenously (1V) or intrarectally (IR). Opposed to the IV administered tags, which
overwhelmingly accumulated and remained in the spleen and liver for prolonged periods (>
24 hours), IR administered SERS tags were flushed naturally from the colon, where 99% of
the applied dose was eliminated by fecal excretion within a 24 h period. Though this work
was expanded upon by Thakor et al. [65], who performed an extensive toxicity analysis
demonstrating 1V administered SERS tags elicited no significant toxicity within a 2 week
period, the particles remaining in the body are still a concern as they are no longer
performing a useful operation once the imaging and detection applications have been
completed. Therefore, longer term studies examining the clearance and chronic toxicity of
IV administered SERS tags is warranted. Topically applied SERS particles for
gastrointestinal cancer detection may experience clinical translation sooner since they clear
quickly and do not have systemic biodistributions. To advance SERS guided surgical
applications, there is a need for Raman imaging systems that can scan wide areas in real
time. Such instrumentation is just beginning to be explored [66,67], but yet to be available
commercially. There are also promising studies developing endoscopic instrumentation that
will aid in topically applied SERS tag cancer identification within gastrointestinal tracts (see
Figure 4) [68-70].
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6. Prospects and Future Directions

As there are a wide variety of anisotropic particles with strong resonances in the NIR
spectral window, the push towards increased sensitivity for SERS has shifted towards Raman
reporter development [6,48,62]. Though there are numerous dyes that can be used for SERS
tags having high sensitivities in the first NIR window, the number of dyes optimized for the
second window are far fewer. However, with increased interest in fluorescence imaging in
the second window [10,11,71], several groups have been developing various dyes for this
spectral region [22,72—76]. We note that the goal in fluorescence dye design is to create
molecules that are efficient emitters; however, in the case of SERS, high fluorescence
quantum yields are not needed. Thus, the so called “failed” designs of fluorophores with
weak emission in the NIR-I1 region may still have great potential in the creation of bright
SERS tags. Also, commercially available fluorophores that were previously developed for
infrared dye lasers can be explored.

Since SERS nanoparticles have large surface areas for functionalization, researchers have
also begun to incorporate other imaging modalities and therapeutic options in their
nanoparticle designs. Therapeutic functions included photodynamic therapy [77,78],
photothermal therapy [38,41,49,79-82], and chemotherapeutic delivery [46,83,84]. Other
imaging modalities that have been incorporated include photoacoustic imaging [49,85-88],
PET [64,89], CT [90], and MRI [81,85,91,92]. With so many options, SERS tags can be
tailored to solve multiple biomedical imaging and therapeutic issues. However, a significant
hurdle remaining within in vivo research is to move towards human studies. This will require
further explorations into the long-term fate of the particles within the body [93-95].
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Highlights

The first clear window, defined as light wavelengths between 650 nm and 950
nm, is far superior for in-vivo and intraoperative optical imaging than visible
light.

The second clear window, operating in the wavelength range of 1000 nm to
1700 nm, can further improve detection sensitivity, spatial resolution, and
tissue penetration due to reduced light scattering and background interference.

Surface-enhanced Raman scattering (SERS), based on biocompatible
plasmonic nanoparticles, allows in-vivo and intraoperative spectroscopy both
in the first and second NIR windows.

The major advantages of SERS nanoparticle tags include improved
photostability, detection sensitivity, and spectral multiplexing capability.

New reporter dyes and advanced instrumentation have started to emerge for
SERS studies in the second NIR window.

Further studies are needed to understand the in-vivo fate and long-term safety/
toxicity of encoded SERS nanoparticles.
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Figure 1.
(A) Schematic diagram of biocompatible surface-enhanced Raman scattering (SERS)

nanoparticles that are encoded with Raman reporter molecules and conjugated with targeting
ligands for in-vivo and intraoperative cancer detection. (B) Graphs comparing the
photostability between SERS tags and indocyanine green (ICG) at various laser excitation
powers. ICG is a common organic fluorophore used in fluorescence image-guided surgery.
(C-E) Emergence of two windows in the near infrared (NIR) for in-vivo imaging and
spectroscopic detection. (C) Sensitivity curves for typical cameras based on silicon (Si) or
indium gallium arsenide (InGaAs), which are sensitive in the first and second near-infrared
windows, respectively. The excitation wavelengths at 785 nm and 1064 nm are indicated by
vertical dotted lines. (D) Absorbance of oxygenated (red curve) and deoxygenated (blue
curve) hemoglobin in the visible and NIR spectrum, together with water absorbance (black
curve) at 1400-1500 nm. (E) Plots of the scattering attenuation coefficient as a function of
wavelength for various ex-vivo tissues (from top to bottom: green curve = brain tissue,
yellow curve = intralipid tissue phantom, black curve = skin, brown curve = cranial bone,
purple curve =mucous tissue, red curve =subcutaneous tissue, blue curve = muscle tissue).
(B) and (D & E) were adapted with permission from references [4] and [10], respectively.
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Figure 2.
(A) Photograph of a handheld spectroscopic device called the “Raman Pen” for high-

sensitivity detection of tumor margins, metastatic lymph nodes, and micro-metastases during
surgery. (B) Optical layout of the pen device: Ex = excitation fiber, Coll = collection fiber,
BP = bandpass filter, LP = long-pass filter, D= dichroic mirror, M = total reflection mirror.
(C-F) Demonstration of spectroscopic guided surgical resection of a tumor using SERS
nanoparticle tags and a hand-held spectroscopic device. (C) Photograph of the anatomical
locations where SERS spectra were obtained, shown in (E), across a xenograft tumor prior to
resection. (D) Photograph of the anatomical locations where the SERS spectra were
obtained, shown in (F), across the tumor cavity and surrounding areas after tumor resection.
Note that scanning areas outside of the primary tumor location lead to a surprise finding of a
satellite micrometastatic legion that would have otherwise gone unnoticed by the surgeon.
(A&B) and (C-F) were adapted with permission from references [19] and [1], respectively.
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Figure 3.
Direct comparison of SERS signals and tissue penetration properties for broad-band

plasmonic nanoparticles between the first and the second NIR windows. (A) and (B): SERS
spectra of colloidal gold nanoparticles encoded with an IR dye at 1064 nm and 785 nm laser
excitations, respectively. (C) and (D): Raman spectra of SERS nanoparticles without tissue
attenuation (0 mm tissue thickness, red curves), covered with a 4-mm thick skin tissue ex
Vivo (green curves), together with the normal Raman scattering spectra of fresh ex-vivo pig
skin (black curves). Laser wavelength: 1064 nm in (C) and 785 nm in (D). The label x1000
in (C) and (D) indicates that the intensity scale (Y-axis) is expanded by 1000-fold, which is
needed to reveal detailed spectral features under tissue scattering/signal attenuation
conditions. Figure Credits: Lucas A. Lane and Shuming Nie.
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Figure 4.

Design of an endoscopic system for Intraluminal, multiplexed detection of SERS
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nanoparticles in the Gl tract. Adapted with permission from reference [68].
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