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Abstract

The imaging of dysregulated cell-surface receptors (or biomarkers) is a potential means of 

identifying the presence of cancer with high sensitivity and specificity. However, due to 

heterogeneities in the expression of protein biomarkers in tumors, molecular imaging technologies 

should ideally be capable of visualizing a multiplexed panel of cancer biomarkers. Recently, 

surface-enhanced Raman-scattering (SERS) nanoparticles (NPs) have attracted wide interest due 

to their potential for sensitive and multiplexed biomarker detection. In this review, we focus on the 

most recent advances in tumor imaging using SERS-coded NPs. A brief introduction of the 

structure and optical properties of SERS NPs is provided, followed by a detailed discussion of key 

imaging issues such as the administration of NPs in tissue (topical versus systemic), the optical 

configuration and imaging approach of Raman imaging systems, spectral demultiplexing methods 

for quantifying NP concentrations, and the disambiguation of specific vs. nonspecific sources of 

contrast through ratiometric imaging of targeted and untargeted (control) NP pairs. Finally, future 

challenges and directions are briefly outlined.

Index Terms
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I. Introduction

A major focus of biomedical optics has been the development of technologies for the 

detection of cancers, as well as the imaging of surgical margins to guide the complete 

removal of tumors [1–6]. The general approach of optical diagnostics is to deduce tissue 

status through the measurement of optical signals generated either intrinsically by tissue [7–

9] or extrinsically by probes that are targeted to disease biomarkers [10,11]. Since external 

contrast agents are not necessary for the imaging of intrinsic tissue signatures, such 

approaches have the advantage of increased simplicity in many cases, as well as potentially 

reduced regulatory complexity. However, exogenous contrast agents are often utilized to 

target molecular biomarkers of interest, which have the potential to provide a more direct 
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and specific biological link to various diseases as well as enhanced contrast to detect such 

malignancies. A challenging issue for cancer detection is the large degree of heterogeneity in 

biomarker expression between tumors. This heterogeneity extends between cancer subtypes, 

between patients, within a single patient over time, and even between different locations 

within a single tumor (intratumoral heterogeneity) [13–15]. Therefore, to improve the 

sensitivity and specificity of detection, exogenous probes should ideally be capable of being 

multiplexed, allowing for the simultaneous detection of multiple biomarkers. In this article, 

we will discuss one class of contrast agent that can enable multiplexed molecular detection: 

surface-enhanced Raman-scattering (SERS) nanoparticles (NPs).

When molecules are adsorbed on metal nanostructures, their Raman scattering signal can be 

enhanced by more than 10 orders of magnitude [16–18]. Based on this effect, SERS NPs 

have been developed since the late 1990s [19–26], acting as extrinsic Raman labels for the 

optical detection of biomolecules [27–29]. Typical SERS NPs have a sandwich structure 

(Fig. 1(a)): a layer of Raman reporter molecules is permanently adsorbed onto the surface of 

a metal core to trigger the SERS effect, generating a characteristic Raman spectrum upon 

laser excitation at a specified wavelength. This characteristic SERS spectrum serves as a 

barcode or fingerprint for the identification of that particular “flavor” of NP, where different 

flavors of SERS NPs utilize different reporter molecules to generate specific spectral 

signatures. A biocompatible coating is generally used to surround the NP core and to 

stabilize the SERS NP signal, such that the SERS spectrum is constant for each NP flavor 

and is not influenced by the surrounding environment. For biomolecule detection, SERS 

NPs can be conjugated to a molecule such as an antibody or affibody to specifically target a 

biomolecule of interest (Fig. 1(b)) [30–34]. For example, popular cancer biomarker targets 

that have been imaged include the epidermal growth factor receptor (EGFR) and the human 

epidermal growth factor receptor 2 (HER2) [35–37]. Additional details about the design and 

synthesis of SERS NPs have been discussed in some recent reviews [38–40].

SERS NPs have several advantageous optical properties for biological and biomedical 

applications over other optical probes such as fluorescent dyes and quantum dots [41,42]. In 

comparison with broadband fluorescence spectra (~50 nm), the spectra of SERS NPs consist 

of a fixed combination of narrow emission peaks (1 2 nm) [34,43], which offer enhanced 

potential for spectral multiplexing. As mentioned previously, by utilizing different Raman 

reporter molecules, various flavors of SERS NPs can be engineered with unique spectral 

fingerprints [21,33,44]. Only a single laser excitation wavelength is needed to excite many 

different SERS NPs, such that those NPs can be multiplexed to target and detect a rich set of 

biomolecules. For the SERS NPs utilized in our studies, the excitation wavelength is in the 

near-infrared (NIR) region (785 nm), which minimizes background autofluorescence from 

cells and tissues. In addition, SERS NPs are photostable and do not bleach over time 

[33,45].

Over the past decade, researchers have been exploring the potential of SERS NPs for various 

applications ranging from pH and glucose sensing to circulating tumor cell (CTC) and tumor 

detection [32,39,40,46–50]. In this review, we focus on the most recent advances in tumor 

imaging using SERS NPs and discuss key imaging-related issues (Figs. 1(c)–1(f)) such as 

the administration of NPs in tissue (topical versus systemic), the optical configuration and 
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scanned-imaging strategies employed in various Raman imaging systems, spectral 

demultiplexing methods for quantifying NP concentrations, and the ratiometric imaging of 

targeted and untargeted NP pairs to distinguish between specific vs. nonspecific sources of 

contrast.

II. Administration of SERS NPs in tissue

A. Systemic Administration

SERS NPs can be administered systemically or topically to label molecular biomarkers in 

tissues. Since SERS NPs are not currently approved for human use, systemic administration 

has only been employed for in vivo imaging studies in animals [33,34,44,51–53]. For the 

imaging of tumor xenografts, image contrast has been achieved 5 – 24 hours after injecting 

SERS NPs into the tail vein of mice (Figs. 1(d) and 1(e)). Tumor-to-normal contrast has 

been achieved either through the nonspecific accumulation of NPs in the tumor (i.e. the 

enhanced permeability and retention (EPR) effect [53,54]) orthrough specific binding of 

molecularly targeted NPs to their cancer biomarker targets [33,34,55]. SERS NPs have a 

relatively large size (20–120 nm [21,22,25,26,33,44,56]) compared with fluorescence dyes 

(~1 nm). Therefore, a large portion of them are taken up by the reticuloendothelial system 

and accumulate in the liver [33,44], where they are then cleared in one or two weeks [33,57]. 

In contrast, specifically bound NPs have been shown to remain at the tumor site with a 

constant concentration during the first week [33], suggesting that SERS NPs can be 

potentially used for short-term targeted imaging and therapy studies.

B. Topical Administration

The topical administration of SERS NPs has been extensively employed to image the 

expression of protein biomarkers at the surface of animal tissues (in vivo and ex vivo) and 

resected (ex vivo) human tissues [31,32,58–62]. A key advantage of topical application, for 

eventual clinical translation, is that toxicity issues are reduced, especially since the large size 

of the SERS NPs inhibits the penetration of topically applied NPs through deep tissue layers 

and into systemic circulatory pathways [57,63]. For tumor imaging, the topical application 

of biomarker-targeted NPs onto tissues, followed by the rinse removal of unbound NPs, has 

been shown to yield molecular image contrast between tumor and normal tissues in 5 – 60 

min [30–32,62]. As mentioned, the large size of SERS NPs causes topically applied NPs to 

be confined to the tissue surface with a negligible penetration depth of ~20 μm (Fig. 2(a)), 

which is well-matched to the superficial imaging depth of optical imaging in general. In 

addition, it is hypothesized that the shallow penetration depth of topically applied targeted 

SERS NPs aids in the rinse removal of unbound NPs, rather than their becoming 

permanently trapped within the tissue. The efficient washout of unbound NPs, in turn, is key 

to maximizing the contrast between tumor and normal tissue regions. Note that since SERS 

NPs typically are not internalized by cells during the short incubation times utilized in our 

experiments (Fig. 2(b)), SERS NPs are generally limited to the targeting of exposed cell-

surface receptors unless special procedures are performed, such as sectioning, to expose the 

intracellular receptors.
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The topical staining of real tissues using SERS NPs is more challenging than the topical 

staining of cultured cell lines due to considerable nonspecific accumulation in tissues as well 

as reduced access to cell-surface targets (compared to cultured cells in a dish). Therefore, it 

is important to optimize targeted SERS NPs to exhibit extremely high binding affinity/

avidity to receptor-positive cell lines before tackling the greater challenge of detecting 

biomarkers in tissues. For example in Fig. 3, two flavors of SERS NPs were conjugated first 

to a fluorescent dye (to enable fluorescence microscopy of the NP concentrations) and then 

to either an anti-EGFR monoclonal antibody (mAb) or an isotype control (negative control) 

mAb (for details, refer to [31]). The two NPs were individually used to stain a control cell 

line (3T3) or an EGFR-positive cell line (A431), or mixed together in 1:1 ratio to stain 

normal mouse tissue or an A431 tumor xenograft (150 pM/each, 10 min staining followed 

by a 10-s rinse step in PBS). EGFR-positive cancer cells (A431) stained with EGFR-NPs 

exhibited 40× - 100× brighter fluorescence than the same cancer cells stained with isotype-

NPs. EGFR-negative normal cells (3T3) stained with EGFR-NPs or isotype-NPs always 

showed low fluorescence. These experiments demonstrate a high binding affinity of the 

EGFR-NPs to the cell-surface receptor EGFR in cultured cells, which in turn allows for the 

successful staining of fresh tissues. In this case, tumor tissues (A431 xenograft) stained with 

EGFR-NPs were 2× brighter (Raman intensity) than the same tumor tissues stained with 

isotype-NPs.

Adding 1% BSA to the NP staining solution can reduce the nonspecific accumulation of NPs 

within tissues and increase the contrast between targeted vs. untargeted NPs by 20%–40%. 

However, nonspecific accumulation is still high and can be extremely variable due to non-

uniform tissue structures. In addition, uneven NP delivery/rinse removal at different tissue 

locations often results in misleading image contrast [31,61]. For example, we found that 

increased diffusion and passive retention can result in higher nonspecific accumulation of 

topically applied NPs in normal tissues in comparison to denser tumor tissues, i.e. inverse 

contrast [31]. One method that has been utilized to mitigate these nonspecific effects, and to 

accurately visualize the molecularly specific accumulation of NP concentrations, is to 

introduce a control NP flavor simultaneously with the targeted NP during imaging 

experiments in order to normalize for nonspecific effects. This method allows one to 

calculate the ratio of biomarker-specific NP accumulation exhibited by targeted NPs alone 

vs. the nonspecific accumulation exhibited by all NPs, as revealed by the control NP (e.g. 

see the bottom row of Fig. 3). This powerful strategy of ratiometric imaging will be 

discussed in Section V.

III. Raman imaging system

The development of Raman spectroscopy has provided a versatile tool for rapid cancer 

diagnoses, either through the analysis of intrinsic Raman signals from tissue that are 

associated with cancer progression [64–68] or through the detection of exogenously applied 

Raman contrast agents, such as SERS NPs, which are passively accumulated at a tumor site 

or targeted to cancer biomarkers [30–34,53,54]. Here we briefly discuss the optical set-ups 

and imaging approaches for the detection of exogenous SERS agents.
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A. Optical configuration

Raman spectroscopy is performed by collecting a spectrum from an area that is illuminated 

at a precise wavelength in order to determine the relative concentration of various molecules 

or chemical constituents (e.g. hydrocarbons, nucleic acids, etc) of interest within the 

illuminated area. The size of the illumination spot therefore determines the spatial resolution 

of detection. Although commercial or custom Raman microscopes have been employed to 

image tissues at micron-level spatial resolution [29,33,34,47,69], a sub-millimeter- or 

millimeter-level resolution is preferred for imaging (scanning) a large tissue area [52,59,61] 

due to the relatively long acquisition times required for Raman imaging (typically 1 - 100 

sec for unenhanced Raman spectroscopy and 1 – 100 ms for SERS). Furthermore, the 

detection of sub-millimeter-sized tumors is considered to be an acceptable size threshold for 

many clinical applications such as early cancer detection and surgical guidance.

A standard optical system for macroscopic-resolution (>100-μm spatial resolution) imaging 

of SERS NPs includes an imaging probe and a spectrometer [31,58,59,70]. The light source 

is typically a NIR laser, which is delivered to the sample through a fiber-optic probe (Fig. 4). 

The optical signals (e.g. reflectance, scattering, and fluorescence) from the SERS NPs and 

tissue (background) are collected by multiple fibers in the imaging probe and are delivered 

through a fiber bundle to a spectrometer, where the collected light is dispersed by a 

diffraction grating onto a spectroscopic imaging array, such as a cooled deep-depletion CCD 

detector. Figure 4 provides some design details.

Laser source

For biomedical applications, the American National Standards Institute (ANSI) maximum 

permissible exposure (MPE) limit is often referred to when selecting a laser power, in which 

one must take into account the laser wavelength, the exposure time, and the illumination 

area on the tissue. For example, for a 785-nm laser, the ANSI MPE limit for a 0.1-s and a 1-s 

exposure time are 0.915 W/cm2 and 1.63 W/cm2 respectively [58]. Assuming the 

illuminated spot has a diameter of 1 mm (or an area of 0.79 mm2), the laser power should be 

set below 71.5 mW (for a 0.1-s exposure) or 12.7 mW (for a 1-s exposure). A shutter is often 

used to control the laser exposure time to protect the tissue from overexposure damage 

[33,58].

Illumination path

A notch filter can be placed between the laser source and the tissue sample to eliminate 

broadband noise from the laser (e.g. amplified spontaneous emission) and to ensure a narrow 

illumination bandwidth, which is necessary to generate narrow high-resolution Raman 

spectra [31,52]. Either a singlemode fiber or multimode fiber can be used to deliver laser 

light to the tissue, depending upon the spot size that is required at the tissue. For example, a 

singlemode fiber should be used if a diffraction-limited focus is desired for high-resolution 

imaging applications, or if a smooth speckle-free Gaussian illumination profile is desired. 

Note that for intrinsic Raman spectroscopy, the illumination fiber itself can generate 

appreciable background autofluorescence and Raman scattering, which must often be 

removed by including a filter at the distal tip of the probe (after the illumination fiber) [71]. 

However, due to the high brightness of SERS NPs, it is not necessary to filter out these fiber-
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induced background components for SERS-based detection and imaging. Singlemode fibers 

exhibit lower bend losses than multimode fibers, which helps to minimize the leakage of 

illumination photons into surrounding fibers or jacketing materials. With proper coatings, 

multimode fiber bundles can also exhibit minimal crosstalk between illumination and 

collection fibers [72]. Unlike singlemode fibers, which emit light with a smooth Gaussian 

profile, multimode fibers can improve the overall uniformity of light distribution on the 

illuminated tissue area, but emit light with local nonuniformities due to speckle. A practical 

advantage for the use of multimode fibers is that they contain a much larger core diameter 

than singlemode fibers, which facilitates laser alignment and reduces variations in laser 

power when moving the imaging fibers in a detection probe. Multimode fibers also tend to 

randomize the polarization of the transmitted laser radiation, which can help with power 

stability through angled optical components and tissue interfaces, and are therefore preferred 

for designing portable devices unless high-resolution focusing and imaging is needed. In 

order to reduce specular reflections and the collection of tissue autofluorescence 

background, the illumination beam is often angled with respect to the direction normal to the 

tissue surface [12,31]. Note that while the penetration depth (diffuse) of NIR light in tissues 

can easily surpass several millimeters (depending upon the optical properties of the tissue) 

[58,60,70], topically applied SERS NPs are confined to the tissue surface and therefore 

provide only a superficial imaging technique.

Collection path

Collection fiber bundles normally consist of numerous (e.g. 10 – 60) multimode fibers (core 

diameter 100–200 μm) [58,61,64,72]. These fibers can be closely packed in a hexagonal 

arrangement at the probe tip to maximize signal collection and minimize space, and are 

often realigned into a linear array at the proximal side of the fiber bundle in order to 

interface with the entrance slit of a spectrometer (Fig. 4). Unless the spatial position of each 

fiber is important to track, full vertical binning of the detector array is often used to integrate 

the signals from all of the fibers positioned in a linear array at the entrance slit of the 

spectrometer. The height of the linear fiber array must be matched to the aperture heights of 

the spectrometer optics and the height of the detector array (through appropriate magnifying 

or demagnifying optics, in certain cases).

A longpass filter placed between the collection fibers and a secondary slit (at the proximal 

end of the filter chamber module) rejects reflected and Rayleigh-scattered illumination light 

as well as tissue autofluorescence at wavelengths that are shorter than the SERS peaks 

[70,73]. The secondary slit at the back end of the filter chamber module is used to spatially 

filter out the stray light in the filter chamber that originates from the large amount of light 

that is rejected (reflected) by the longpass interference filter. The goal of the slit (spatial 

filter) is to allow only the SERS photons to transmit towards the grating and ultimately onto 

the detector array.

When collimated light from an entrance slit (or linear array of fibers) is dispersed by a 

grating-based spectrometer and imaged onto a detector array, light from different positions 

along the length of the slit are incident on the grating at varying degrees of obliqueness, 

which results in a slightly curved image of the slit at the detector array and therefore a lower 
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spectral resolution when full vertical binning of the detector array is utilized [74]. One 

solution to correct this image aberration is to utilize a collection fiber array that is slightly 

curved in the opposite direction to compensate for the image curvature, a strategy that has 

been shown to be effective for improving the signal-to-noise ratio (SNR) and spectral 

resolution when collecting intrinsic Raman signals from tissue [72]. SERS NPs generate 

Raman peaks that are bright and spectrally well separated. Therefore, many groups have 

found that the slight image curvature does not significantly reduce the measurement 

accuracy [59](Fig. 7).

B. Imaging approaches

In certain medical applications, a diagnostic probe is used to analyze a suspicious lesion at a 

well-defined location on a patient [53,58,70] (Fig. 5). However, if the tumor’s location is 

unknown, a scanning approach is required to image and screen a larger area of tissue 

[44,52,59,61,75]. Raster scanning is often performed to image resected tissues (e.g. tissue 

data in Fig. 3, Fig. 6(f), 6(g), 7(f) and 7(g)) or surgically exposed tissues, while rotational 

scanning has been utilized in endoscopic approaches to image hollow organs such as the 

esophagus [12,61] (Fig. 8). To achieve rotational scanning, a glass prism may be employed 

at the probe tip to deflect the illumination beam to the tissue as well as to collect Raman 

signal from the illuminated tissue area. In animal models, rotational stepper motors have 

been utilized with linear stages to rotate an imaging probe and to translate it in the axial 

direction, respectively. While point-by-point scanning is typically utilized to create an 

image, line-wise scanning may also be exploited to simplify the scanning process, as has 

been utilized for food-inspection applications [76,77].

The approaches mentioned above are all based on acquiring full spectra. A direct wide-field 

imaging method can also be performed by introducing a tunable filter, or multiple dichroic 

beam splitters, to enable the acquisition of two-dimensional images at multiple wavelengths 

over time (in the case of a tunable filter) or simultaneously (in the case of dichroic beam 

splitters) [32,60]. The advantage of this approach is that it eliminates the need for 

mechanical scanning and can enable rapid spectral imaging if only a few wavelength 

channels are required. However, due to the speed limitations of tunable filters, the number of 

spectral “bins” (i.e. the spectral resolution) is limited if rapid imaging is desired, which 

limits the degree of multiplexing that can be accurately handled. Theoretically, a 

spectrometer-based approach has the advantage of fully utilizing all of the Raman photons 

that are collected into a probe, and dispersing them onto a detector array. A tunable filter 

only analyzes a small spectral window at each moment in time and discards the rest of the 

photons, which is not efficient. Nevertheless, recent studies have demonstrated that it is 

possible to utilize this approach for the multiplexed imaging of multiple NP flavors applied 

in mouse tissues over a field of view of 2.2 cm2 and a pixel resolution of 50 μm [32,60]. 

Ideally, this approach requires the optimal selection of suitable NP flavors with minimal 

spectral overlap in certain wavelength regions. In addition, the determination and removal of 

background spectral components is challenging, and requires a number of assumptions and 

interpolation methods [60,78].
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IV. Spectral demultiplexing

A. Least squares algorithm

A critical aspect of SERS imaging is the use of an appropriate algorithm to analyze the 

acquired spectra and to quantify the abundance of the detected SERS NPs. The most popular 

algorithm is the classical least squares algorithm due to its speed and ease of implementation 

[44]. Generally, other than sources of random noise, it is assumed that each measured 

spectrum (S) is a linear combination of known reference spectra (Rn) (1), which include the 

reference spectra of all of the SERS NP flavors, and the tissue-background spectra when 

imaging/detecting SERS NPs in tissues. This algorithm can accurately predict the weight of 

each spectral component (wn) when the spectra of the SERS NP flavors and background 

components are stable.

In practice, variations in tissue background spectra are often observed due to heterogeneities 

in the tissue components. For example, muscle, fat and tumor exhibit different 

autofluorescence spectra. In addition, variations in hemoglobin concentration in muscle, or 

variations in collagen, NADH, and/or melanin in skin, can alter tissue background spectra 

[79]. These variations in the tissue background spectra can compromise the accuracy of the 

classical least squares algorithm. Many methods have been proposed to increase the 

robustness of the demultiplexing algorithms to such variations, such as adding a low-order 

polynomial term to compensate for slight background changes [80], allowing the baseline to 

vary [81–83], allowing the peaks of the reference spectra to vary [84], and incorporating the 

principal components of variable background spectra as reference spectra [75,85]. Among 

these various methods, two methods are commonly used for the imaging of SERS NPs, as 

discussed in the following subsection.

(1)

(2)

(3)

S = measured spectral data

wn = weight of spectral component n (here the spectral components include the 

different SERS NP flavors and tissue backgrounds)

Rn = reference spectrum of component n

am = weight of mth-order polynomial term
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Pm = mth-order polynomial term (to compensate for slight variations in the 

background)

bln = weight of lth principal component for spectral component n

Cln = lth principal component for spectral component n

B. Least squares algorithm with a method to compensate for background variations

One method to deal with background variations (referred to as Method 1) is to allow the 

background spectra to vary according to a low-order polynomial model, equation (2) [80]. 

This method can effectively account for minor broadband background variations without 

acquiring numerous background spectra [31,58]. The data in Figs. 7 were demultiplexed 

using this method, based on data from SERS NPs placed on a glass slide (with a relatively 

uniform background spectrum). The other method (referred to as Method 2) assumes that the 

background is a linear combination of principal components derived from experimental 

measurements (training sets) from many potential sources of tissue background (tumor, 

normal, fat, skin, etc.), equation (3). Although it requires the acquisition of additional 

background measurements, the combination of least squares and principal component 

analysis (PCA) has been shown to be a robust method to accommodate for moderate 

variations in the background spectra [12,61,75]. The spectra in Figs. 6 and 8 were 

demultiplexed using this method based on data from breast or esophagus tissues (with 

variable background spectra).

Fig. 6 is an example showing how PCA improves demultiplexing accuracy. A freshly 

resected breast specimen (containing both tumor and normal tissue, size = 2 cm × 1.5 cm) 

shows various tissue backgrounds due to tissue heterogeneity and incomplete rinse removal 

of hemoglobin and surgical inks (Figs. 6(a) and 6(e)). The specimen was raster scanned 

using a 15-mW 785-nm laser to acquire 162 background spectra for the calculation of their 

principal components and an average background spectrum (Fig. 2(b)). After background 

acquisition, the specimen was stained with an equimolar mixture of HER2-NPs and isotype-

NPs (150 pM/each with 1% BSA) for 10 min, followed by a 10-s rinse step in PBS. The NP-

stained specimen was raster-scanned with a 0.5-mm laser spot in 3 min (integration time 0.1 

s). The entire procedure, including background acquisition, staining, and imaging, was 

performed in ~15 min. The acquired spectra were demultiplexed using the two methods as 

discussed in the previous paragraph. Fig. 6(c) shows the post-demultiplexing fit to one of the 

2000 acquired spectra. Method 2 is clearly superior to Method 1 because Method 2 includes 

three principal components that are responsible for 99.4% of the variation seen in all of the 

tissue-background measurements.

C. Metrics to assess demultiplexing accuracy

The accuracy of spectral fitting can be quantified by two metrics: the relative fitting error 

(RFE), which evaluates the fit of the full spectrum [44]; and the spectral reliability index 

(SRI), which ignores the background components and evaluates only the SERS NP 

components [73]. SRI is better at evaluating the demultiplexing accuracy, especially when 

the NP signals are weak in comparison to the broadband background signals. This is because 

the RFE may be biased towards 1 (a perfect fit) when the background signals are fit with 
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high fidelity even if the fit for the NP components is poor. Fig. 6(d) shows the fitting errors 

of all 2000 spectra in the form of a box plot. The fitting metrics (RFE and SRI) show that 

Method 2 outperforms Method 1. With accurate demultiplexing using Method 2, the 

ratiometric imaging of HER2-NP concentrations vs. control-NP concentrations exhibits a 

HER2 expression pattern that is in agreement with IHC validation data (Figs. 6(g) and 6(h)).

V. Ratiometric quantification of specific vs. nonspecific contrast

Recently, a ratiometric imaging approach has been demonstrated to mitigate the ambiguity 

caused by nonspecific NP accumulation and uneven NP delivery [31,32,59,61], a universal 

problem in the molecular imaging field that often leads to erroneous image interpretation. In 

this method, an untargeted agent is mixed with a targeted agent during tissue staining, in 

which the untargeted agent controls for the nonspecific behavior of the targeted agent. 

Instead of assessing the pure targeted-NP signal, the ratio of the targeted-NP signal vs. 

untargeted-NP signal is used to quantify specific vs. nonspecific binding. Figs. 6(f) and 6(g) 

show how ratiometric quantification helps to reveal the specific binding of HER2-targeted 

NPs to a HER2-positive human breast tumor. The absolute NP concentrations are misleading 

(Fig. 6(f)): the HER2-NPs accumulate more (nonspecifically) on normal tissue regions than 

on the tumor regions because the tumors are denser and less porous than the surrounding 

normal tissues (similar results have been observed with tumor xenografts [31,86]). However, 

the ratiometric calculation of the HER2-NP vs. control-NP concentrations allow one to 

normalize away the nonspecific NP accumulation and reveals a HER2 expression pattern 

that is in agreement with IHC validation data (Figs. 6(g) and 6(h)).

A. Limit of detection

Figure 7 shows the linearity and detection limit of our Raman imaging system when imaging 

four multiplexed SERS NPs. Although the SERS peaks are barely resolvable at 1 pM by 

visual inspection of the raw spectra (Fig. 7(b)), the demultiplexing algorithm is still capable 

of calculating the concentration of each NP flavor with a detection error <20% (Fig. 7(c)). 

Since the ratio combines two noisy measurements, a slightly higher detection limit of 5 pM 

is necessary to ensure that the error in the ratio is < 20% (Fig. 7(d), 7(g)). The detection limit 

depends on the specific NP flavors employed, how many NP flavors are being multiplexed 

(e.g. a detection limit of 1–2 pM can be achieved when analyzing two or three multiplexed 

NP flavors [31,61]), and the concentration ratio of the NPs (e.g. the error/crosstalk in NP 

measurements increases when the NP concentration ratio reaches 10:1). However, based on 

our data with tumor xenografts and human breast tumor specimens (Figs. 3,6 and 8), the 

ratio of targeted vs. untargeted NPs rarely exceeds 2–3 for tumors, and the measured NP 

concentrations are typically in the range of 10–100 pM, where we have shown that the NP 

measurements are accurate and unaffected by crosstalk between NP flavors [12,31]. To 

ensure reliable measurments, a linearity test should be performed prior to all tissue-staining 

and imaging experiments in which new conditions are encountered.

B. Advantages of SERS NPs for ratiometric quantification

A number of previous studies have demonstrated the efficacy of a ratiometric (or “dual-

tracer”) approach to mitigate the effects of nonspecific accumulation of systemically 
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administered fluorescent agents [87–91]. Compared to fluorescent agents, SERS NPs offer 

several important advantages for ratiometric imaging (Table 1). First, all SERS NP flavors 

possess an identical geometry and outer coating material, ensuring the identical nonspecific 

behavior of different flavors of NPs in tissue. This is especially true if the NPs are 

conjugated to isotype-matched monoclonal antibodies, and multiplexed together with an 

isotype-control antibody to normalize for nonspecific effects. Second, multiple flavors of 

SERS NPs can be excited at a single illumination wavelength, ensuring that all NP flavors 

are interrogated identically in terms of optical irradiance and penetration depth. In contrast, 

different fluorescent agents need to be imaged at different excitation and/or emission 

wavelengths, where complications may arise due to variations in tissue optical properties as 

a function of wavelength [5,92–94]. Finally, due to the excellent multiplexing capabilities of 

SERS NPs, one untargeted NP flavor can serve as a control for a large panel of targeted NP 

flavors for multiplexed biomarker detection.

We have demonstrated the ratiometric quantification of two cell-surface receptors, EGFR 

and HER2, by topically applying an equimolar mixture of 3 NP flavors - EGFR-targeted 

NPs, HER2-targeted NPs and isotype control NPs [31] (Fig. 8), in which the ratiometric 

results agree with flow-cytometry results [12].

C. Kinetic modeling to derive receptor densities

Although ratiometric imaging of cell-surface receptors has shown good agreement with IHC 

and flow cytometry (Figs. 6 and 8), the measured ratio is not necessarily proportional to the 

receptor density. Kinetic modeling has been demonstrated as an effective approach to 

estimate the receptor density by analyzing the retention and washout of exogenous contrast 

agents over time [95]. Most recently, a kinetic model has been developed to quantify the 

binding potential (BP: proportional to receptor densities) of cell-surface receptors in fresh 

tissues based on SERS NP retention kinetics [62]. More specifically, this model accounts for 

the different binding and dissociation rates of SERS NPs (both specific binding and 

nonspecific binding), and takes into account the movement of NPs between “bound” 

compartments and “free” compartments. By modeling the decrease of measured 

concentrations of targeted and untargeted NPs as a function of serial rinsing steps, the 

kinetic model aimed to calculate the BP of targeted receptors. Experiments with tumor 

xenografts have shown that this kinetic model is capable of discriminating between different 

tissue types with known differences in EGFR expression [62].

VI. Challenges and future perspectives

Increasing numbers of studies have demonstrated the feasibility of using SERS NPs to detect 

tumors and to guide tumor-resection surgeries. For example, the in vivo imaging of 

untargeted SERS NPs injected in mice has been shown to allow for the visualization of brain 

tumor xenografts through passive (non-chemical) EPR effects [53]. The detection of 

subcutaneous or orthotopic tumor xenografts has been demonstrated through the in vivo 
imaging of targeted SERS NPs, either administered systemically or topically [12,31–34]. 

Unfortunately, one obstacle is that SERS NPs are not yet approved for human use. However, 

one potential approach to use SERS NPs to guide surgery is to intraoperatively image 
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freshly resected tissues, which circumvents toxicity issues and has the potential to receive 

expedited regulatory approval.

One example of how SERS NPs may be utilized on ex vivo tissues to guide surgery is for 

breast cancer lumpectomy surgeries. We have demonstrated that the topical application and 

ratiometric quantification of SERS NPs allows for the rapid (<15 min) molecular 

phenotyping of freshly excised tissues (Fig. 6) to potentially enable the intraoperative 

detection of residual tumor at lumpectomy margins. This surface-imaging approach enables 

the rapid intraoperative assessment of large tissue surfaces without the sampling errors that 

are inevitable for conventional post-operative pathology, in a time frame that is consistent 

with current intraoperative guidance techniques such as 2D specimen X-ray and frozen-

section pathology (not typically done for breast tissues due to their high lipid content). In 

terms of clinical translation, it is important to note that the application of targeted SERS NPs 

does not interfere with downstream IHC (Fig. 6). While the aim of SERS imaging would be 

to greatly reduce the number of re-excision surgeries, post-operative histopathology can still 

be performed on tissue afterwards as a gold standard to identify microscopic tumor burden 

or close margins.

Additional work is necessary to further promote the SERS imaging technique for surgical 

guidance. Recent advances in demultiplexing algorithms, especially the combination of least 

squares fitting and PCA, have improved the accuracy of SERS NP measurements by 

accounting for background variations caused by tissue heterogeneities, residual hemoglobin, 

surgical inks, or unknown chemical components (Fig. 6)[75]. However, brighter NPs would 

also help to improve signal to background ratios, detection sensitivities, and imaging speeds 

[69]. Another potential challenge is that cauterization of tissues may denature proteins, 

including the biomarkers targeted by SERS NPs. Note that cautery, used by many but not all 

surgeons, is also a challenge for conventional pathology, where it has been observed that 

certain protein targets and epitopes are more adversely affected than others. A major 

advantage of SERS NPs is their potential to simultaneously image a large panel of 

biomarkers (potentially 5 to 10 [58]), which may mitigate the effects of cautery since certain 

biomarkers have been shown to be less affected by cauterization damage [96]. Future work 

is needed to demonstrate the ability to quantify a larger panel of biomarkers (perhaps up to 

10 or more) with targeted SERS NPs, which will require additional optimization of the 

targeted SERS NPs themselves as well as the detection hardware and tissue-staining, rinsing, 

and imaging protocols. Finally, the SERS NP imaging technique provides a wide-area 

macroscopic imaging strategy to identify millimeter/submillimeter-sized tumors and may 

potentially be combined with high-resolution imaging techniques, such as confocal 

mosaicing microscopy [97] and light reflectance spectroscopy [98], to provide surgeons with 

information about both biomarker distribution and cell/tissue morphology.
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Fig. 1. 
SERS NPs and their application for tumor detection. (a) Typical structure of SERS NPs. (b) 

Functionalization of SERS NPs with targeting molecules. Schematics showing (c) topical 

administration, (d) systemic administration, (e) imaging and (f) demultiplexing of 

multiplexed SERS NPs.
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Fig. 2. 
Penetration of SERS NPs on tissue and cells. (a) Bright-field and fluorescence images 

showing that topically applied SERS NPs (conjugated to a fluorophore cyto-647 in this case) 

are localized to the tissue surface of a piece of mouse muscle that was topically stained with 

EGFR-targeted SERS NPs (300 pM, 10 min), rinsed in PBS (20 s) and embedded in O.C.T. 

(optimal cutting temperature) compound. The image shows a frozen section (10-μm thick) 

that was imaged with a fluorescence microscope. (b) Bright-field and fluorescence confocal 

microscopy images showing the distribution of EGFR-targeted NPs on A431 cells. In this 

thin confocal image section (~ 5 micron section thickness), the fluorescence signal is 

primarily localized at the periphery of the cells, indicating that the NPs are at the cell 

surface. The scale bars represent 50 μm..
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Fig. 3. 
Nonspecific and specific binding of SERS NPs topically applied on cultured cells and 

tissues. The bright-field images (first row) and fluorescence images (second row) of NP-

stained cells, and the Raman images of NP-stained tissues (third row) are shown. The green 

and red colormaps indicate the fluorescence intensity and Raman intensity from the SERS 

NPs, respectively. The bottom images show the measured concentration ratio of EGFR-NPs 

vs. isotype-NPs, in which the nonspecific accumulation of the NPs is normalized away and 

the EGFR expression is clearly revealed. The unlabeled scale bars represent 20 μm.
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Fig. 4. 
A common optical configuration for the imaging of SERS NPs in tissues.
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Fig. 5. 
Schematic of imaging approaches. The labels c1 - cn represent the wavelength channels 

selected for wide-field imaging.
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Fig. 6. 
Imaging of human breast tissues stained with a 2-flavor NP mixture (HER2-NPs and 

isotype-NPs, 150 pM/flavor). (a) Background spectra collected at different locations from 

the tissue specimen marked in (e). (b) The first three principal components and average 

background spectrum of the 162 background spectra collected from the specimen. (c) 

Example of fitted spectra and corresponding residuals when using Method 1 and Method 2. 

(d) The fitting error for all 2000 spectra when using the two fitting algorithms and two 

assessment metrics. (e) Photograph of a freshly resected breast tissue specimen. (f) Image of 

the concentration of HER2-NPs. (g) Image of the concentration ratio of HER2-NPs vs. 

isotype-NPs. (h) IHC staining with an anti-HER2 mAb. The scale bars represent 2 mm.
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Fig. 7. 
Limit-of-detection (linearity) test by imaging four multiplexed SERS NPs. Four NP flavors 

were mixed in 1:1:1:1 ratio and diluted from 200 pM (per flavor) down to 1 pM. A 0.5-μL 

drop from each sample was imaged, and 3 spectra were acquired and demultiplexed to 

analyze the weight of each NP flavor. The concentrations were calculated based on the 

measured weights of stock NP mixture with known concentrations. (a) The reference spectra 

of the four NP flavors. (b) Raw spectra from NP mixtures at a concentration of 10 pM, 5 

pM, 1 pM and 0 pM (water background). (c) Measured NP concentrations. (d) 

Concentration ratios. The measured concentrations show good linearity from 1 to 200 pM 

when 4 flavors of NPs are multiplexed, with larger errors in terms of concentration (~20%) 

and concentration ratio (~30%) appearing at 1 pM. (e–g) Imaging of 4-flavor NP mixtures. 

(e) A 2-μL drop from each dilution, and a drop from each undiluted NP flavor, were imaged 

to measure (f) the NP concentrations and (g) concentration ratios.
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Fig. 8. 
In vivo endoscopic molecular imaging performed with multiplexed SERS NPs delivered via 

oral gavage. (a) Photograph of a surgically exposed rat esophagus implanted with three 

tumor xenografts. (d) Images showing the concentration ratio of EGFR-NPs vs. isotype-NPs 

and HER2-NPs vs. isotype-NPs. (c) Plots showing the correlation between the image-

derived ratios from various tissue types (normal esophagus and three tumors) and the 

corresponding fluorescence ratio (targeted-NP vs. isotype-NP) from flow-cytometry 

experiments with the cell lines used to generate the various tumor xenografts. All values in 

the figures are presented as mean ± standard deviation. R > 0.95. Reproduced with 

permission from [12] © Biomedical Optics Express (2015).
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Table 1

Comparison of fluorescence dyes and SERS NPs for ratiometric imaging.

Properties Fluorescence dyes SERS NPs

Chemical composition different same

Excitation and/or emission wavelength range different same

Photon distribution in tissue wavelength-dependent same

Tissue autofluorescence wavelength-dependent same

Photostability bleaches over time stable

Multiplexing capability typically 2–4 >10
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