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Abstract

Cancers of the gastrointestinal (GI) tract are among the most frequent and most lethal cancers 

worldwide. An important reason for this high mortality is that early disease is typically 

asymptomatic, and patients often present with advanced, incurable disease. Even in high-risk 

patients who routinely undergo endoscopic screening, lesions can be missed due to their small size 

or subtle appearance. Thus, current imaging approaches lack the sensitivity and specificity to 

accurately detect incipient GI tract cancers. Here we report our finding that a single dose of a high-

sensitivity surface-enhanced resonance Raman scattering nanoparticle (SERRS-NP) enables 

reliable detection of precancerous GI lesions in animal models that closely mimic disease 

development in humans. Some of these animal models have not been used previously to evaluate 

imaging probes for early cancer detection. The studies were performed using a commercial Raman 

imaging system, a newly developed mouse Raman endoscope, and finally a clinically applicable 

Raman endoscope for larger animal studies. We show that this SERRS-NP-based approach enables 

robust detection of small, premalignant lesions in animal models that faithfully recapitulate human 

esophageal, gastric, and colorectal tumorigenesis. This method holds promise for much earlier 

detection of GI cancers than currently possible and could lead therefore to marked reduction of 

morbidity and mortality of these tumor types.

Graphical Abstract
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Timely and accurate diagnosis of incipient gastrointestinal (GI) cancers is critical. It has 

been shown that early detection of asymptomatic disease of the GI tract improves the 

chances of curative intervention by 50−80% as compared to the poor five-year survival rates 

for symptomatic advanced malignant disease.1–4 Especially in high-risk patients who 

already undergo periodic white light endoscopic surveillance, it is estimated that about three 

times more dysplastic lesions―the most clinically relevant lesions to predict malignant 

progression―are missed relative to healthy individuals.5–8 The reasons for this high miss 

rate are the subtle appearance of such lesions and sampling errors inherent to a random-

biopsy surveillance paradigm. Further, endoscopic assessment and diagnosis of GI tract 

lesions are operator-dependent and prone to subjectivity, which increases interobserver 

variability and thus further compromises diagnostic accuracy.9 Lastly, surveillance for 

gastric and colorectal lesions can be challenging due to the large surface areas that need to 

be surveyed, poor intestinal cleansing, and the need to perform the procedure in a reasonable 

period of time. Moreover, even when disease is detected, it is often difficult to determine the 

true extent of the lesion, thus impeding the ability to achieve complete resection or ablation 

using minimally invasive (endo-) therapeutic intervention. Consequently, approximately 

33% of GI tract lesions recur at or near the therapeutic site,10–12 commonly requiring more 

aggressive yet often noncurative (systemic) treatments that negatively impact the patients’ 

quality of life. There is a clear unmet need for sensitive and specific imaging approaches that 

enable detection of neoplastic lesions in the GI tract, ideally at a premalignant stage before 

invasive cancers develop (Figure 1a).

Intrinsic Raman endoscopy, which probes compositional differences between tissues, is 

currently being clinically explored to distinguish normal from premalignant and malignant 

GI tract lesions. While this intrinsic approach does enable the differentiation between the 

different tissue types, it has many inherent limitations, such as the required long acquisition 

times, that currently prevent its clinical implementation as a comprehensive endoscopic 

imaging approach.13,14 On the other hand, we recently demonstrated that contrast-enhanced 

Raman imaging using surface-enhanced resonance Raman scattering nanoparticles (SERRS-

NPs) provides femtomolar sensitivity in vivo as a result of the unparalleled signal specificity 

of SERRS-NPs’ Raman spectral “fingerprint”, which is virtually nonexistent in biological 

tissues.15,16 In fact, we demonstrated that as a result of the high sensitivity of the SERRS-

NPs combined with passive, but selective accumulation due to increased permeability of the 

immature tumor vasculature (as illustrated in Figure 1b), we were able to detect and 
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delineate a wide variety of cancer types in preclinical carcinogenesis models.16–18 

Moreover, in the same study, we noted that the SERRS-NPs also sporadically enabled the 

detection of premalignant precursor lesions of prostate and pancreatic cancers.16

With the aim of detecting incipient GI tract cancers and to facilitate targeted biopsies and 

improve therapeutic intervention, in the current study we systematically assessed whether 

(1) SERRS-NPs (at the current dose) could enable detection of premalignant GI lesions of 

the esophagus, stomach, and intestines and (2) whether the SERRS-NPs sufficiently 

accumulate in these premalignant precursor lesions to provide the sensitivity needed for 

detection or imaging of such lesions using a custom-built small-animal Raman endoscope 

and a clinically applied Raman endoscope.19,20 We demonstrated that SERRS-NPs indeed 

enable real-time detection and delineation of premalignant dysplastic GI tract lesions―the 

clinically most significant precursor lesion―in mouse models of esophageal, stomach, and 

colorectal carcinogenesis. Furthermore, we demonstrate that as a result of the accumulation 

of these highly sensitive SERRS-NPs at these lesions following intravenous administration, 

the use of a spectral Raman endoscope to pinpoint and guide biopsy toward dysplastic 

lesions at the gastroesophageal junction is feasible. Finally, we show in vivo in a genetic rat 

model of colorectal carcinogenesis that SERRS-NP Raman endoscopy using a clinically 

applied circumferentially scanning miniature Raman endoscope enabled the simultaneous 

real-time acquisition of Raman imaging and conventional white-light endoscopy, allowing 

sensitive, Raman-based tumor detection while preserving the macroscopic tissue context 

provided by the white-light endoscopy. As such, SERRS-NP Raman endoscopy could 

become a valuable adjunct to white-light endoscopy to improve endoscopic detection of 

premalignant GI tract lesions (Figure 1c,d).

RESULTS AND DISCUSSION

Characterization of SERRS-NPs.

SERRS-NPs were synthesized through rapid silica encapsulation of dialyzed citrate-capped 

60 nm gold nanoparticles in the presence of a near-infrared dye, IR780 perchlorate, which 

has a maximum absorption at 780 nm. Since we use a 785 nm excitation laser in our Raman 

microscopy and endoscopy systems, the electronic transition of the near-infrared absorbing 

Raman reporter of the SERRS-NP is close to or in resonance with the excitation laser to 

provide an additional enhancement factor of 102−106 versus surface-enhanced Raman 

scattering nanoparticles that use nonresonant dyes. Consequently, while nonresonant SERS 

nanoparticles demonstrate detection limits in the low picomolar range (10−12 M),21 resonant 

SERRS-NPs can achieve 1000-fold lower limits of detection in the low-femtomolar/

attomolar range (10−15−10−17 M) under the same imaging conditions (Figure S1).15,16

After modification of the silica surface with a thiol functionality, the surface of the SERRS-

NPs was passivated with methoxy-terminated polyethylene glycol (PEG; 2 kDa) using 

straightforward maleimide chemistry. The PEGylated SERRS-NP were narrowly dispersed 

with a hydrodynamic diameter of ∼110 nm and a signal intensity of ∼35 000 counts for the 

950 cm−1 diagnostic peak of the PEGylated SERRS-NP (Figure 2).
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Route of Administration and Distribution of SERRS-NPs in the Gastrointestinal Tract.

The ability of our SERRS-NPs to enable detection of incipient cancers without the need for 

modification with a targeting moiety (e.g., antibody, peptide, etc.) that would require a priori 
knowledge of molecular markers was evaluated in clinically relevant animal models of 

Barrett’s esophagus/esophageal, gastric, and colorectal tumorigenesis. Since oral or topical 

administration did not seem to be a viable route of administration due to nonspecific 

mucosal adhesion of orally administered SERRS-NPs (Supplementary Figure S2), all studies 

were performed by intravenously (i.v.) injecting the SERRS-NPs via the tail vein at a dose of 

30 fmol/g (injection volume of 150 μL of 3.5 nM SERRS-NPs, which is equivalent to ∼500 

fmol injected nanoparticles per mouse). Furthermore, we assessed the distribution of 

intravenously administrated SERRS-NPs in situ and in normal tissues of the upper GI tract 

of healthy control mice and found no nonspecific accumulation of SERRS-NPs at the 

gastroesophageal junction (GEJ), in the stomach, or in the intestines (n = 4; Supplementary 

Figure S3a−c).

Detection of Premalignant Lesions of the Esophagus.

Bile acid (BA)-treated transgenic human interleukin-1β (L2-hIL-1β) mice develop 

esophagitis, Barrett-like metaplasia, and esophageal adenocarcinoma through the metaplasia

−dysplasia−adenocarcinoma sequence.22 As such, this model faithfully recapitulates the 

development of Barrett’s esophagus and esophageal adenocarcinoma in humans. BA-treated 

12−18-month-old L2-hIL-1β animals (n = 5) were tail-vein injected with SERRS-NPs, and 

Raman imaging was performed 18 h later. As shown in Figure 3a,b, the nontargeted SERRS-

NPs enabled Raman-based detection of dysplastic lesions at the GEJ, which is precisely 

where the major histopathological changes occur in this particular model,22 as well as in 

human patients.23 Immunohistochemistry was performed on the SERRS-positive lesions to 

stain for the stemness marker CD44, proliferation marker MKI67, and the SERRS 

nanoparticle PEG-polymer coating. While in normal tissue CD44 expression at the GEJ is 

restricted to the proliferative basal region of the epithelium (Supplementary Figure S3b,c), 

the SERRS-positive lesions at the GEJ of BA-treated L2-hIL-1β animals demonstrated 

diffuse expression of CD44, which corresponds to CD44 expression patterns found in 

Barrett’s associated dysplasia of the intestinal subtype.24 Further, in contrast to normal GEJ 

tissue, MKI67 is also diffusely expressed throughout the SERRS-positive lesion (Figure 3c) 

and no longer restricted to the proliferative basal region of the GEJ. Lastly, anti-PEG 

immunostaining was used to stain for the polymer that is conjugated to the SERRS 

nanoparticle surface. The positive granular anti-PEG stain confirms the presence of the 

SERRS-NPs in the indicated lesion.

Detection of Premalignant Lesions of the Stomach.

In Helicobacter felis-infected gastrin-knockout (GAS-KO) mice cotreated with the 

carcinogen N-methyl-N-nitrosourea (MNU), dysplasia and/or adenocarcinoma typically 

develops at the pyloric antrum,25 which closely recapitulates H. pylori-induced gastric 

tumorigenesis in humans. Following intravenous injection of SERRS-NPs (30 fmol/g) in the 

MNU-treated GAS-KO mice (n = 5), several SERRS-positive lesions were detected at the 

pyloric antrum (Figure 4a). Histopathological examination confirmed the dysplastic nature 
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of these SERRS-positive antral lesions (Figure 4a−c), which exhibited diffuse CD44 and 

MKI67 expression relative to CD44 and MKI67 expression patterns in a SERRS-negative 

control region within the same organ (Supplementary Figure S4a−c). The selectivity of the 

SERRS-NPs for incipient gastric cancer detection is further corroborated by PEG 

immunostaining, which was positive in the SERRS-positive dysplastic antral lesions and 

negative in SERRS-negative normal tissue in the same diseased stomach (Figure 4c and 

Supplementary Figure S4c).

Detection of Premalignant Lesions of the Intestines.

ApcMin/+ mice harbor a chemically induced mutation in the Apc gene resulting in a 

premature truncation of its gene product, which predisposes these animals to the formation 

of intestinal adenoma formation.26 Raman imaging was performed in vivo on exteriorized 

ileal segments of symptomatic ApcMin/+ mice (n = 5) injected with SERRS-NPs (30 fmol/g) 

18 h prior to imaging. As shown in Figure 5a and Supplementary Figure S5, multiple 

discrete SERRS-positive lesions were detected that were shown to correspond to the 

presence of adenomatous polyps based on H&E and cyclin D1 (CCND1)-immunostaining. 

Cyclin D1 (CCND1) was used as a marker, since its nuclear overexpression is found in 

intestinal lesions of ApcMin/+ mice due to abnormal β-catenin translocation resulting from 

the Apc gene mutation.27 To further corroborate the performance of the SERRS-NPs, ex 
vivo Raman imaging was performed on intact intestinal tracts of ApcMin/+ mice (n = 5). It 

was shown that SERRS-NP augmented Raman imaging enabled accurate delineation of 

lesions as small as 500 μm (Supplementary Figure S6). Immunostaining for cyclin D1 

(CCND1) and PEG was performed on the SERRS-positive intestinal sections. Of note, in an 

asymptomatic animal that had to be sacrificed because of a large mammary tumor, which is 

known to arise in this model,28 a small SERRS-positive lesion was found in the intestinal 

tract following intravenous SERRS nanoparticle injection. This lesion was identified as an 

adenomatous polyp by histopathological examination (Supplementary Figure S6).

Next, we assessed the sensitivity and positive predictive value (i.e., precision) of SERRS-

based Raman imaging for the detection of (pre-) malignant lesions of the intestinal tract in 

ApcMin/+ mice (n = 4). The intestines proximal to the cecum of SERRS-NP-injected 

ApcMin/+ mice were scanned with Raman imaging and subsequently embedded in paraffin. 

Then, the SERRS-positive lesions in each intestinal tract were counted and carefully 

matched to histology (Figure 5b). On average, 33 SERRS-positive lesions were counted in 

the scanned tissues, of which ∼23 could be matched to histology. This discrepancy is related 

to the sectioning of the tissue, which can result in loss of lesions due to the fact that certain 

lesions are located outside of the sectioning plane. We therefore only included the number of 

SERRS-positive lesions that could be matched to histology in the analysis and found a 

sensitivity of 93.1% and a positive predictive value (or precision) of 89% (Table 1). We also 

assessed how including the SERRS-positive lesions that could not be correlated by H&E 

affected the positive predictive value. By assuming either a 0% or 100% match on histology, 

the value of the positive predictive value was determined to lie within 83−93%. The few 

detected false positives were identified as gut-associated lymphoid tissue (GALT), which 

could be easily discriminated from intestinal dysplasia or adenocarcinoma during a clinical 
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endoscopic procedure via the white-light endoscopy imaging and thus are expected to only 

affect the accuracy in our mouse model studies (Supplementary Figure S7).

Feasibility of Endoscopic Detection of Premalignant Upper and Lower GI Lesions in Mice 
Using a Custom-Built Small-Animal Raman Endoscope.

In order to test the feasibility of endoscopic detection in mouse models, we first designed 

and built a small-animal spectral Raman endoscope consisting of a 550 μm diameter optical 

fiber that was connected to a Raman spectrometer (Figure 6a; see also Supplementary Figure 

S8 and Methods). Using this custom-built endoscope, we performed ex vivo endoscopic 

surveillance of the GI tract. Figure 6d shows an example of the detection of dysplasia at the 

GEJ of L2-hIL-1β mice. The diagnostic 950 cm−1 band of the SERRS-NPs was found to be 

associated with premalignant lesions at the GEJ. In ApcMin/+ mice, we exteriorized the 

intestinal tract, inserted the Raman endoscope proximal to the cecum, and slowly advanced 

the endoscope along the ileum. This allowed us to carefully maneuver the endoscope and, 

more importantly, also enabled us to precisely locate and resect a lesion where the diagnostic 

950 cm−1 band of the SERRS-NPs was detected (Figure 6e). Histopathological examination 

identified the resected SERRS-positive lesions as dysplastic intestinal adenomas.

Toward Clinical Translation: Feasibility of Detecting Premalignant GI Lesions Using a 
Clinical Grade, Dual-Modality, Raman/White-Light Endoscope.

While we were able to visualize the spectra of SERRS-NPs using the above approach in 

mice, the ultimate goal toward clinical translation is to acquire circumferential Raman 

images of the entire intestinal lumen and to combine this with conventional white-light 

endoscopic imaging. We therefore employed our dual-modality white-light/Raman clinical 

grade endoscopic imaging system in conjunction with the i.v.-injected SERRS-NPs in a 

larger animal (rat) model.19 This system consists of a clinically approved white-light 

endoscope and a clinically validated, first-in-human, noncontact circumferentially scanning 

Raman endoscope.19 The system was inserted rectally at a depth of 8 cm in the colons of 

ApcPirc/+ rats (n = 5)―a model that closely recapitulates human colorectal 

tumorigenesis―that received PEGylated SERRS-NPs 18 h prior to in vivo endoscopic 

Raman imaging. The dual-modality endoscopic imaging system was retracted at a constant 

speed (160 mm/min) while circumferentially scanning the whole colorectal luminal surface 

(100 pixels/rotation at 1 Hz), thus generating Raman maps in real time. The white-light 

video provided the relevant anatomical context (Figure 7b); the presence of SERRS signal 

was associated with colorectal polyps (Figure 7b,c; 1), while lack of SERRS signal was 

associated with normal appearance of the colonic surface (Figure 7b,c; 2). A three-

dimensional cylindrical projection (Figure 7d) of the two-dimensional Raman map (Figure 

7c) demonstrated excellent correlation between the Raman imaging and presence of polyps 

in the colon (Figure 7e). Histopathologic examination of the SERRS-positive lesions (Figure 

7e,f; 1, 3) confirmed by veterinarian pathologists proved the presence of adenomatous 

polyps. Furthermore, lack of SERRS signal (Figure 7c,d; 2) correlated with normal 

appearance of the colorectal tissue (Figure 7f, 2).

Here we demonstrate the ability of contrast-enhanced Raman imaging using SERRS-NPs to 

detect incipient cancers along the entire GI tract. We show that PEGylated SERRS-

Harmsen et al. Page 7

ACS Nano. Author manuscript; available in PMC 2019 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NPs―not requiring a specific targeting moiety―home to incipient GI tract cancers of the 

esophagus, stomach, and intestines. In addition to a genetic mouse model of intestinal 

polyps, we also tested ApcPirc/+ rats, which closely recapitulate colorectal tumorigenesis in 

humans.22,25,29,30 It is important to note that these models have distinct molecular 

mechanisms that underlie tumorigenesis, and thus a single, targeted molecular imaging agent 

would be unlikely to detect neoplastic lesions in all regions of the GI tract. By relying on a 

pathophysiological mechanism common to all cancer types, the enhanced permeability and 

retention (EPR) effect, we have demonstrated robust detection of very small premalignant 

lesions in multiple regions of the GI tract. Maeda et al. have shown that the EPR effect exists 

in virtually all tumor types and is highly specific for tumors.31,32 In infection or 

inflammation, only enhanced permeability exists, but not enhanced retention. The retention 

is largely attributed to abnormalities in the draining lymphatic vessels, which remain 

relatively intact in infection or inflammation.31,32 Hagendoorn et al. showed that the 

vascular changes governing EPR such as altered vascular permeability and nonfunctional 

lymphatic vessels already occur during the early stages of carcinogenesis.33 It is likely that 

the small size of these lesions limits the number of accumulated particles, and, therefore, 

extremely sensitive detection methods are needed. The fact that we were able to visualize 

such small lesions that had not even progressed yet to invasive cancers indicates that the 

arterial capillaries supplying these preneoplastic lesions likely already had developed 

features of neovasculature such as fenestrations large enough to allow extravasation of our 

SERRS-NPs from the capillary bed into the parenchymal cells of the lesion. We conclude 

that our successful imaging was enabled by the extraordinary sensitivity of our SERRS-NPs, 

whose limit of detection is in the low femtomolar (10−15 M) range.

In contrast, most fluorescent-based molecular imaging agents, including quantum dots, need 

to achieve a local concentration in the nanomolar (10−9 M) range in order to be detectable in 
vivo.34 This approximately 1 million-fold higher sensitivity can explain why SERRS-NPs 

are (1) able to detect such previously occult lesions and (2) can do so in a universal fashion 

in the GI tract, independent of the tumor type (esophageal, gastric, colonic).

In this study, we demonstrate highly sensitive SERRS-NP-based lesion detection with three 

different methods: (1) conventional two-dimensional imaging of GI organs using an InVia 

Raman imaging system; (2) spectroscopic detection of lesions using a custom-built mouse 

Raman endoscope; and (3) combined Raman/white-light imaging using a recently developed 

clinical Raman endoscope.19 This circumferential Raman endoscope was designed to fit into 

the small instrument channel of the colonoscopes that are routinely used in patients.19 

Cancer detection benefits from multimodality approaches, and therefore we used a clinical 

white-light endoscope to evaluate anatomic abnormalities, a Raman endoscope to detect 

intravenously injected SERRS-NPs, and conventional histopathologic approaches to validate 

the in vivo imaging. We chose the ApcPirc/+ rat model for these studies, because these 

animals are large enough to accommodate the clinical endoscopes, and it is an established, 

genetically engineered model that mimics the known stepwise development of colonic 

cancer from the initial development of premalignant polyps. The direct side-by-side 

comparison of the traditional white-light endoscopy and the SERRS-NP-augmented Raman 

imaging reveals the potential for Raman screening in the GI tract. We were able to detect 

premalignant lesions using SERRS-NP imaging that were not always visible with white-
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light endoscopy. The white-light provided the relevant anatomical context when SERRS 

signal was detected, an ability that will greatly facilitate Raman-guided biopsy or (endo-) 

therapeutic intervention in humans in the future.

In contrast to intravenous administration of SERRS-NPs, several groups evaluated topical 

administration of nanoparticles for detection of GI tract lesions. In a recent study by Kim et 
al. (2017), it was shown that orthotopically implanted human colorectal cancer cell lines that 

overexpress epidermal growth factor receptor (EGFR) and vascular endothelial growth factor 

(VEGF) could be endoscopically detected and visualized using EGFR- and VEGF-targeted 

SERS nanoparticles.35 Interestingly, in a study by Liu et al. it was demonstrated that topical 

application of SERS nanoparticles for endoscopic detection of GI tract lesions is only 

feasible when a ratiometric method is used that corrects for nonspecific binding of the 

nanoparticles to the mucosa lining the luminal surfaces of the GI tract.36 A cocktail of 

HER2, EGFR, and nontargeted SERS nanoparticles with distinct Raman fingerprints was 

topically applied to the esophagus of a rat that was orthotopically implanted with EGFR-and 

HER2-overexpressing cell lines. Multiplexed Raman imaging was performed, and Raman 

maps were generated based on ratiometric quantification of targeted versus nontargeted 

SERS nanoparticles, which provided unambiguous visualization of biomarker-positive 

lesions. A limitation of both proof-of-principle studies using targeted nanoparticles is that to 

enable comprehensive disease detection the selected biomarker(s) should be ubiquitously 

(over)expressed in the lesions. However, the genomic landscape of GI tract tumors, even that 

of premalignant lesions, shows a large degree of intra- and intertumoral heterogeneity.29,37 

Consequently, approaches involving targeted SERS nanoparticles may lead to an increase in 

false negatives (i.e., miss rate) relative to strategies involving systemically administered 

nontargeted SERRS nanoparticles. Furthermore, topically applied targeted nanoparticles will 

only bind to the luminal surface of a lesion, whereas systemically administered SERRS 

nanoparticles will accumulate throughout the lesion, allowing not only detection in a 

screening scenario but also Raman-guided resection, and potentially photothermal ablation, 

when therapeutic intervention is required. At least for colorectal cancers, there are also 

promising stool DNA tests being developed that can potentially diagnose the presence of 

adenomas and carcinomas in an elegant fashion;38,39 however localization of such lesions 

with endoscopy will still be necessary. Here, our approach and stool DNA tests could work 

together synergistically.

While we demonstrated that the nontargeted SERRS-NPs uniformly accumulate in 

premalignant tumors of the GI tract in clinically relevant animal models enabling early 

endoscopic detection and guidance of (endo-) therapeutic intervention, we recognize that 

following intravenous administration, the SERRS nanoparticles will accumulate mostly in 

the liver and spleen, where the silica shell will biodegrade within several days 

postaccumulation, leaving behind the gold nanocore, which is metabolically inert. 

Consequently, no long-term toxicities are expected from the residual gold nanocores. In fact, 

several studies with systemically administrated gold/silica hybrid nanoparticles (AuroLase; 

size ∼150 nm) or rhTNF-coated gold nanoparticles (size ∼30 nm) in humans have so far not 

reported any adverse events or toxicities related to the systemic administration or retention 

of gold nanoparticles.40,41 Surely, while extensive long-term toxicity studies will have to be 
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performed in larger animal models before SERRS-NPs can be translated to the clinic, the 

Raman endoscope has already been translated to humans.19

CONCLUSION

We demonstrated the potential of contrast-enhanced Raman endoscopy for highly sensitive 

detection of precursor lesions of GI tract cancers in clinically relevant transgenic animal 

models that closely recapitulate human tumorigenesis in high-risk patients that have 

predisposing conditions such as Barrett’s esophagus, H. pylori infection, or familial 

adenomatous polyposis. Since the composition of SERRS-NPs is biocompatible and the 

real-time dual-modal Raman endoscopy system has already been clinically validated in 

humans, there is a viable path toward clinical translation. In the future, contrast-enhanced 

Raman endoscopy could become an adjunct to conventional white-light endoscopic 

surveillance to enhance detection and guide (endo-) therapeutic intervention of precursor 

lesions of GI tract cancers to ultimately enable cancer prevention.

METHODS

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) and used as 

received unless otherwise noted.

Surface-Enhanced Resonance Raman Scattering Nanoparticle Synthesis.

The PEGylated SERRS-NPs were synthesized by rapidly adding 7.5 mL of 1% (w/v) 

sodium citrate tribasic dehydrate to 1.0 L of a boiling aqueous solution of 20 mM gold 

chloride. The as-synthesized 60 nm gold nanoparticles were collected by centrifugation and 

dialyzed (Slide-a-lyzer G2; MWCO: 3.5 kDa; Thermo Fisher Scientific, Inc. Waltham, MA, 

USA). The dialyzed 60 nm gold nanoparticles were encapsulated in resonant Raman reporter 

(IR780 perchlorate)-embedded silica via a modified Stöber procedure, yielding the SERRS 

nanoparticle as previously described.42 In brief, a solution containing 9.0 mL of 2-propanol, 

1.2 mL of tetraethoxyorthosilicate (TEOS; 99.999% v/v), and 75 μL of 25 mM IR780 

perchlorate (or 75 μL of 25 mM IR792 perchlorate; “flavor 2”) in dimethylformamide was 

rapidly added to a dispersion of 4.5 mL of 2.0 nM 60 nm gold nanoparticles in 30 mL of 2-

propanol containing 600 μL of ammonium hydroxide (28% v/v). After stirring for 15 min at 

500 rpm, the SERRS nanoparticles were collected using centrifugation (10500g). The 

SERRS nanoparticles were washed 3× with ethanol and redispersed in 1.0 mL of ethanol. 

The surface of the SERRS nanoparticle was functionalized with a 5% (v/v) (3-

mercaptopropyl)trimethoxysilane (MPTMS) in 90% (v/v) ethanol (90 min at 70 °C) in order 

to conjugate monofunctional 2 kDa methoxy-terminated PEG (1% w/v) to the nanoparticle 

via straightforward maleimide chemistry (90 min at ambient conditions in 10 mM 2-(N-

morpholino)ethanesulfonic acid (MES) pH 7.1). Following PEG conjugation, the PEGylated 

SERRS nanoparticles were washed 3× with water and redispersed in an appropriate volume 

of water to yield a 7.0 nM dispersion of PEGylated SERRS-NPs. Before intravenous 

injection, 80 μL of 7.0 nM PEGylated SERRS-NPs in water was dispersed in an equal 

volume of 0.22 μm filter-sterilized 20 mM MES buffer (pH 7.3) to yield 3.5 nM PEGylated 

SERRS-NP in 10 mM MES buffer.
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PEGylated SERRS Nanoparticle Characterization.

The as-synthesized PEGylated SERRS nanoparticles (7.0 nM in water) were characterized 

using transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA; 

NS500, Malvern), and Raman spectroscopy. TEM and NTA were used to determine the size 

and hydrodynamic diameter of the PEGylated SERRS-NPs, respectively. In brief, 1.0 μL of 

1.0 nM PEGylated SERRS-NPs was dropped on a carbon-coated copper TEM grid (CF300-

Cu; Electron Microscopy Sciences), air-dried, and analyzed using a magnification of 100 

000× on a JEOL 1200-EX II transmission electron microscope operating at 80 kV. For 

hydrodynamic diameter and concentration measurements, a 1.0 mL sample containing 

PEGylated SERRS-NPs (1000× diluted in water) was analyzed on an NTA. Finally, Raman 

spectroscopy was performed on 10 μL of a 1.0 nM PEGylated SERRS-NP dispersion in a 

white 1536-well plate using a 785 nm laser operating at 50 μW and an acquisition time of 

1.0 s.

Animals Models.

All animal experiments were approved by the Institutional Animal Care and Use 

Committees of Memorial Sloan Kettering Cancer Center (#06–07-011), Columbia 

University Medical Center (#AAAF2657), and Stanford University (#27715). All applicable 

institutional guidelines for the care and use of animals were followed.

Chronic Esophagitis Mouse Model (L2-hIL-1β).—The L2-hIL-1β mice were 

generated as previously described.22 Briefly, mice were generated by targeting expression of 

hIL-1β to the esophagus using the Epstein−Barr virus promoter (ED-L2). The human IL-1β 
cDNA consisted of a constitutively secreted form (i.e., not requiring caspase-1 cleavage) of 

mature human IL-1β cDNA fused with the signal sequence derived from the structurally 

related human IL1-RA. Female L2-hIL-1β mice were placed on drinking water containing 

bile acids (0.3% deoxycholic acid, pH 7.0) at the age of three months.

Helicobacter-Induced Gastric Cancer Mouse Model.—Eight to 12-week old gastrin-

knockout (GAS-KO) male mice in a C57BL/6 background were infected by oral gavage 

with H. felis in 0.2 mL of trypticase broth three times per week on every other day for a total 

dose of 100 million colony-forming units per mouse. MNU was dissolved in distilled water 

at a concentration of 240 ppm and freshly prepared three times per week for administration 

in drinking water in light-shielded bottles ad libitum. Mice were given drinking water 

containing 240 ppm MNU on alternate weeks for a total of 10 weeks (total exposure of 5 

weeks). MNU was administered 2 weeks after H. felis inoculation as described previously.25

Intestinal Tumorigenesis Mouse Model (ApcMin/+).—Heterozygous C57BL/6J-

ApcMin (ApcMin/+) female mice were obtained from The Jackson Laboratory (Bar Harbor, 

ME, USA) and were raised on a high-fat diet.

Colorectal Tumorigenesis Rat Model (ApcPirc/+).—Heterozygous ApcPirc/+ rats 12 to 

16 weeks old were obtained from Professor James Amos-Landgraf, Department of 

Veterinary Pathobiology, University of Missouri (Columbia, MO, USA).
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Raman Imaging.

Bile-acid-treated 12−18-month-old L2-hIL-1β (n = 5), 10-month-old H. felis/MNU-treated 

gastrin (GAS-KO) mice (n = 5), and ApcMin/+ mice (n = 8) were tail-vein injected with the 

PEGylated SERRS-NPs (30 fmol/g) in 10 mM MES buffer. The L2-hIL-1β and GAS-KO 

animals were sacrificed via CO2 asphyxiation the next day, and their organs scanned by 

Raman imaging ex vivo. Symptomatic >5-month old ApcMin/+ mice were anesthetized (n = 

5; isoflurane). A mini-laparotomy was performed, and a small loop of the ileum was 

exteriorized and surveyed by Raman imaging for SERRS-positive lesions (10 mW laser 

power, 1.5 s acquisition time, and 5× objective). The sutures were left in place for later 

retrieval and proper orientation of the loop. The tissues were placed back into the 

intraperitoneal cavity, and the incision was closed in layers. After 8 h, the animal was 

sacrificed by CO2 asphyxiation and the marked area was recovered and fixed in 4% 

paraformaldehyde. All in vivo and ex vivo Raman imaging of the tissues was performed on 

an InVia Raman microscopy system equipped with a 1-in. charge-coupled device detector 

with a spectral resolution of 1.07 cm−1 and a 785 nm diode laser (Renishaw Inc., Hoffman 

Estates, IL, USA). Typically, the tissues were raster scanned using a 10 mW laser power, a 

1.5 s acquisition time, and a 5× objective. Raman images were generated by applying a 

direct classical least-squares algorithm (Wire 3.4 software, Renishaw), which linearly 

matches the predefined Raman spectrum of the SERRS-NPs with the Raman spectra of the 

scanned tissues.

Custom-Built Miniature Mouse Raman Endoscope.

For endoscopic acquisition of SERRS-NP signal in the mouse models, we built a small-

animal Raman endoscope. It consists of a 550 μm diameter multimode optical fiber 

(FG550LEC, Thorlabs Inc., Newton, NJ, USA) that was directly coupled to a hand-held 

spectroscopic probe (BAC100 B&WTek Inc., Newark, DE, USA) by replacing the metallic 

shaft lens-housing unit with a fiber FC/PC interface (PAF-X-2-B, Thorlabs). The probe was 

connected to a Raman spectrometer (MiniRam, B&WTek Inc.). All Raman endoscopy was 

performed with a 785 nm diode laser operating at 50 mW laser power using an acquisition 

time of 100 ms. The optical fiber used was of low hydroxyl content but still produced a 

measurable stimulated Raman scattering background. Before endoscopic surveillance, a 

background Raman spectrum was collected of the optical fiber, which was subsequently 

subtracted in real time from the Raman spectra obtained during endoscopic tissue 

surveillance.

Contrast-Enhanced Raman Endoscopy in Mice.

The procedure for Raman endoscopic surveillance was as follows: ApcMin/+ (n = 5) or L2-
hIL-1β (n = 3) mice injected with PEGylated SERRS-NPs (30 fmol/g) were sacrificed by 

CO2 asphyxiation the next day. The intestines of ApcMin/+ mice were exteriorized, and the 

Raman endoscope was carefully inserted into the small intestine proximally to the cecum 

and slowly advanced along the small intestine. In the L2-hIL-1β mice, Raman endoscopy 

was performed on the upper GI tract (i.e., esophagus and stomach) ex vivo by slowly 

advancing the optical fiber along the esophagus toward the stomach. When SERRS 
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nanoparticle signal was detected, the tissue was sectioned and processed for histological 

examination.

Combined Real-Time Contrast-Enhanced Raman and White-Light Endoscopy in ApcPirc/+ 

Rats.

After polyps were detected in the ApcPirc/+ rats (n = 5) by white-light endoscopy, we 

injected PEGylated SERRS-NPs intravenously via tail vein into the rats at a dose of 30 

fmol/g. The next day, the rats were anesthetized using isoflurane, and their colons rinsed 

with phosphate-buffered saline and the mucolytic agent acetylcysteine. Concomitant white-

light and real-time Raman endoscopic imaging was performed using a white-light endoscope 

(Pentax EPK-1000) that was coupled to a custom-built circumferentially scanning Raman 

endoscope equipped with a 785 nm laser.20 The dual-modal white-light/Raman endoscope 

was inserted rectally approximately 8 cm deep into the colon of the anesthetized rat, and the 

colon was scanned in real time during retraction at a constant speed (160 mm/min). 

Following endoscopic surveillance, the rats were sacrificed, and the colons were removed, 

fixed in formalin, and processed for histopathological examination by a pathologist blinded 

to the endoscopic Raman imaging results.

Histology and Immunohistochemistry.

After Raman imaging, the tissues were fixed in 4% paraformaldehyde (4 °C overnight) and 

subsequently processed to be embedded in paraffin. Tissue sections (5 μm) were stained with 

hematoxylin and eosin (H&E), and immunohistochemistry staining was performed using the 

DISCOVERY XT biomarker platform (Ventana, Tucson, AZ, USA). Heat-induced epitope 

retrieval was performed using citrate buffer (pH 6.0). The primary antibodies were diluted as 

follows: anti-CD44 antibody (1:500; #550538; BD Biosciences, San Jose, CA, USA), anti-

Ki-67 antibody (1:250, VP-RM04, Vector Laboratories Inc., Burlingame, CA, USA), anti-

CCND1 antibody (1:500; Abcam, Cambridge, MA, USA), and anti-PEG antibody (1:100, 

PEG-B-47, ab51257, Abcam). All biotin-labeled secondary antibodies, including anti-rabbit 

antibody (1:300, BA-1000) and anti-rat antibody (1:300, BA-9400), were purchased from 

Vector Laboratories. All murine specimens were examined by a veterinary pathologist 

(JRW) from the Tri-Institutional Laboratory of Comparative Pathology who was blinded to 

the Raman images. All rat specimens were examined by a pathologist (MvdR) from the 

Department of Pathology at Stanford University who was blinded to the Raman images.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Concept of contrast-enhanced Raman imaging of gastrointestinal lesions. In contrast to 

white-light endoscopy, very small premalignant lesions, microscopic malignant lesions, and 

otherwise occult (flat) lesions can be detected. (a) Comparison of lesion detectability 

between SERRS-NP-enhanced Raman endoscopy and conventional white-light endoscopy 

currently used in the clinic. While white-light endoscopy requires lesions to be at least 5−7 

mm in size to be detectable, Raman endoscopy can detect lesions at 0.5−1.0 mm. Depending 

on the growth characteristics of different GI tumors, Raman endoscopy has the potential to 

“catch” lesions much earlier, at a premalignant stage where localized lesion removal could 

result in cures (depicted time line is approximated for colon cancer; there are large 

variations, and other GI tumors can grow much faster). (b) Rendered cross-section diagram 

of the SERRS-NPs used. (c) Envisioned clinical use: intravenously injected SERRS-NPs 

specifically accumulate in (pre-) malignant lesions. Given the very high sensitivity of 

detecting the SERRS-NPs and their specific accumulation via the EPR effect, specific 

targeting moieties are not required. Thus, this approach may be a universal detection strategy 

for (pre-) malignant GI tract lesions. Raman-scattered photons are recorded by the Raman 

endoscope with a rotating mirror, enabling it to acquire two two-dimenstional images of the 

GI tract lumen: a Raman image that is superimposed on the surface topology of the luminal 

surface. Inset: The distal end of the circumferentially scanning Raman endoscope includes a 

rotating mirror that distributes the laser circumferentially along the luminal surface of the 

colon. As the Raman endoscope is designed to fit into the instrument channel of a clinical 

white-light endoscope currently used in the clinic, concomitant dual-modal white-light/

Raman imaging can be acquired in the same endoscopic session. Data are analyzed and 
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collected by the spectrograph and CCD image sensor, respectively. (d) Illustration of the 

acquired imaging data. The traditional white-light endoscope can visualize polypoid lesions 

above a certain size (usually a size of >5−7 mm is required). However, the Raman signals 

from the SERRS-NP fingerprint enable detection of much smaller lesions. Of note, the 

SERRS detection does not depend on the lesion morphology or molecular markers, so that 

even flat lesions (usually missed with conventional white-light endoscopy) can be 

visualized. This graphic was created by the MSKCC Graphic Department, and permission 

for use obtained.
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Figure 2. 
PEGylated SERRS-NP characterization. (a) Transmission electron micrograph of SERRS-

NPs at a magnification of 100,000×. Scale bar: 100 nm. (b) Hydrodynamic diameter of 

PEGylated SERRS-NPs in water as determined by nanoparticle tracking analysis. (c) 

Fingerprint-like surface-enhanced resonance Raman spectrum of 785 nm laser (50 μW; 1.0 

s) excited PEGylated SERRS-NPs (10 μL; 1.0 nM in water).
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Figure 3. 
Early detection of lesions at the gastroesophageal junction (GEJ) by SERRS-based Raman 

imaging. (a) Photograph of a closed mouse stomach (upper row) and a stomach opened 

along the greater curvature (lower row) of bile-acid-treated L2-hIL-1β mice tail-vein 

injected with 30 fmol/g SERRS-NPs (scale bar, 2 mm). (b) Ex vivo Raman imaging 

demonstrated SERRS-positive lesions at the GEJ (white arrowhead; intensity of the 

diagnostic 950 cm−1 Raman band in counts per second). SERRS-positive lesions were found 

at the GEJ and along the gastric cardia (intensity of the diagnostic 950 cm−1 Raman band in 

counts per second; scale bar, 2 mm) in the opened stomach (lower row); the Raman positive 

pattern fits the locations of dysplasia commonly seen by histological examination in this 

model of Barrett’s esophagus. (c) Histologic examination of the SERRS-positive region 

(arrowhead in b) at the GEJ was graded as dysplastic by a veterinary pathologist. The 

positive anti-PEG stain further confirms the presence of the SERRS-NPs in the indicated 

lesion (scale bars, 100 μm). The inset shows a higher magnification (4×) of the granular 

PEG staining in the focus indicated by the black arrowhead.
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Figure 4. 
Detection by SERRS-based Raman imaging of gastric dysplasia at the pyloric antrum of 

Helicobacter felis-infected/MNU-treated GAS-KO mouse. (a) The stomach of an H. felis/

MNU-treated GAS-KO mouse injected with SERRS-NPs was opened along the greater 

curvature and scanned by Raman imaging (intensity in counts per second). SERRS-positive 

lesions were detected at the pyloric antrum. The dotted line shows the location along which 

a SERRS-positive lesion was sectioned transversely (scale bar, 2 mm). (b) Overview (scale 

bar, 1 mm) and (c) higher magnification (20×) views of the immunohistochemical sections 

(dotted box) that were stained for CD44, MKI67, and polyethylene glycol (PEG; polymer on 

the surface of the SERRS nanoparticle; scale bar, 50 μm). While in a normal stomach CD44 

would be confined to the lower glandular cells of the pyloric antrum, here CD44 is diffusely 

expressed in the SERRS-positive lesion. The diffuse coexpression of MKI67 along with the 

abnormal morphology seen on H&E is indicative of dysplasia. See also Supplementary 

Figure S4.
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Figure 5. 
SERRS NP-mediated detection of intestinal adenomas. (a) In vivo Raman imaging was 

performed on an exteriorized bowel loop in an isoflurane-anesthetized ApcMin/+ mouse. 

Raman imaging identified multiple SERRS-positive lesions (middle panel; SERRS signal in 

counts per second) that all corresponded to adenomas as confirmed by histology (right 

panel; H&E staining and CCND1 immunohistochemistry). All scale bars: 5 mm. (b) To 

determine the sensitivity of SERRS-based Raman imaging for (pre-) malignant lesion 

detection, segments of the small intestine of ApcMin/+ mice (n = 4) injected with SERRS-

NPs were scanned by Raman imaging ex vivo (middle panel; intensity in counts per second; 

scale bars, 5 mm). Even lesions less than 1 mm were detected by Raman imaging and would 

have been missed by macroscopic observation. The tissues were sectioned, and the 5 μm 

tissue sections were stained with H&E (right panel) and for CCND1 and PEG, respectively. 

(c) SERRS-positive lesions were correlated to histologic appearance and CCND1 status. As 

shown for the lesions indicated by arrowheads 1−3 in panel (b), SERRS signal correlates to 

the presence of dysplastic lesions. α-PEG was used to corroborate the presence of the 

SERRS-NPs (all scale bars, 500 μm; insets show 16× magnifications of the areas indicated 

by the arrow heads). See also Table 1 and Supplementary Figures S5−S7.
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Figure 6. 
Custom-built mouse Raman endoscope and testing in upper and lower GI tract models. (a) 

Diagram of mouse endoscope system. (b) Images of the custom-built mouse Raman 

fiberscope. The metallic shaft lens housing of a B&W BAC100 unit was replaced with a 

multimode optical fiber (⦶ 550 μm) and connected to a B&WTek MiniRam Raman 

spectrometer. (c) Endoscope inserted into the colon of a live ApcMin/+ mouse (left). Image of 

an endoscope inserted into an exteriorized intestinal segment of the colon of an ApcMin/+ 

mouse with the laser activated (middle). SERRS-NP signal was detected at this location. 

Image of exteriorized intestinal loops imaged with the InVia System (right). Shown is a 

Raman/white-light overlay, with the white arrow indicating the location of a Raman-positive 

lesion that was detected with the endoscope. Endoscopy was performed with a 785 nm diode 

laser operating at 50 mW laser power using an acquisition time of 100 ms. (d) The GI tract 

was surveyed ex vivo with the endoscope. The endoscope was descended along the 

esophagus. A Raman spectrum was collected 8 mm proximal of the GEJ (gray) and at the 

GEJ (red). As shown, the spectral fingerprint of the SERRS-NP (950 cm−1 band) was only 

found at the GEJ (red). While the tissue architecture in the longitudinal section of the 

proximal GEJ appears normal with only mild to moderate diffuse infiltrate of lymphocytes, 

plasma cells, and neutrophils within the lamina propria and submucosa, histopathological 

examination confirmed the presence of disease in a transverse section of the GEJ 

(arrowhead) sectioned from the same animal. There is focal metaplasia of the epithelium, 

with abrupt transition from stratified squamous to simple columnar with goblet cell 

differentiation (intestinal metaplasia). There is erosion of the superficial mucosal epithelium 

within and immediately adjacent to the focus of metaplasia. Scale bar: 200 μm. (e) The 
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Raman endoscope was carefully inserted into the small intestine proximally to the cecum 

and slowly advanced along the small intestine. When SERRS-NP signal was detected, the 

tissue was resected (1−3) and processed for histologic examination (H&E; scale bar, 1 mm).
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Figure 7. 
SERRS-NP-augmented endoscopic Raman imaging of premalignant colorectal lesions using 

the clinical Raman/white light endoscope. (a) Schematic rendering of the clinical Raman 

endoscope inserted into the accessory channel of a conventional clinical white-light 

endoscope. Inset: Photograph of the tip of the Raman endoscope. (b) White-light endoscopic 

imaging of polyp (“1”; dashed line) and normal tissue (“2”) in the colon of an ApcPirc/+ rat. 

(c) 2D representation of the SERRS-NP-generated signal intensity along the length of the 

colon of the same ApcPirc/+ rat. The colon was sectioned along the dashed lines. (d) 3D 

cylindrical projection of the 2D Raman map (also see Supplemental Movie 1). (e) Ex vivo 
white-light image of the examined colon. (f) The SERRS signal correlated with the presence 

of an adenomatous polyp(s) (“1” and “3”), while no lesions were found in the SERRS-

negative section (“2”). All scale bars: 2.5 mm.
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