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Background and Objective: Esophageal cancer is the 5th most common gastrointestinal cancer in the 
United States and has an overall 5-year survival rate of about 20%. Patients often present with advanced 
disease, making early detection and initiation of treatment critical to improve long-term survival rates. 
Surface-enhanced Raman spectroscopy (SERS), a technique that uses frequency shifts of incident light on 
materials to generate Raman spectra unique to each substrate, is a promising tool for esophageal cancer 
detection. The objective of this review is to provide an overview of SERS, summarize key advancements 
made in its utility for esophageal cancer detection, and survey its potential as a noninvasive diagnostic and 
monitoring tool for esophageal cancer. 
Methods: Studies on SERS for esophageal cancer application were identified by using the CENTRAL, 
Web of Science, PubMed, Google Scholar, and PLOS One databases from 2010−2021. Keywords used 
included: “Raman spectroscopy”, “esophageal cancer”, “esophageal neoplasms”, “surface-enhanced Raman 
spectroscopy”, “SERS”, and “nanoparticles”.
Key Content and Findings: SERS has been employed on urine, blood, and tissue samples to identify 
patients with esophageal cancer. These spectra revealed multiple differences between cancerous and healthy 
samples, with spectra patterns suggesting findings such as abnormal DNA/RNA metabolism and abnormal 
amino acid metabolism in patients with cancer. Machine learning techniques such as principal components 
analysis and discriminant analysis distinguished between esophageal cancer and healthy patients’ Raman 
spectra with up to 100% sensitivity and 100% specificity.
Conclusions: Early detection of esophageal cancer using SERS is a promising technique due to its high 
diagnostic accuracy and noninvasive sampling technique. 
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Introduction

Esophageal cancer is the 5th most common gastrointestinal 
cancer in the U.S. (1). Esophageal adenocarcinoma 
incidence rates have been rising and patients often present 
with metastasis due to minimal early stage symptoms, 
contributing to an overall poor 5-year survival rate of 
about 20% (1-4). As such, early detection and initiation 
of treatment is necessary to improve long-term survival 
rates of esophageal cancer (5). The current gold standard 
for diagnosis is endoscopic biopsy. However, endoscopic 
visualizations and biopsies are invasive, time-consuming, 
and operator dependent, and are often conducted late in 
the disease course. Therefore, it is important to develop 
alternative methods for detecting esophageal cancer that 
are non-invasive, sensitive, and can provide ongoing disease 
surveillance. 

For this purpose, surface-enhanced Raman spectroscopy 
(SERS) has been of increasing interest. Raman spectroscopy 
(RS) is a technique that uses frequency shifts of incident 
light on materials to generate Raman spectra unique to each 
substrate that can be used to accurately determine material 
compositions. SERS amplifies RS using roughened surfaces 
and/or nanoparticles (NPs) made of gold or silver to 
increase RS signal intensity. SERS can be applied to tissues, 
cells, serum, urine, and many other biological samples for 
both diagnostic and therapeutic purposes. Many studies 
have combined SERS with machine learning algorithms to 
accurately distinguish between cancerous and noncancerous 
samples, potentially changing the diagnosis, monitoring, 
and management of cancer (6-9). Here, we explore current 
advancements in the utility of SERS for esophageal cancers 
and its potential for future clinical translation. We present 
the following article in accordance with the Narrative 
Review reporting checklist (available at https://aoe.
amegroups.com/article/view/10.21037/aoe-22-24/rc).

Methods

Studies on SERS for esophageal cancer application were 
identified by searching the following databases: Web of 
Science (all databases), PubMed, Google Scholar, and 
PLOS One (all databases). Keywords used included: 
“Raman spectroscopy”, “esophageal cancer”, “esophageal 
neoplasms”, “surface-enhanced Raman spectroscopy”, 
“SERS”, and “nanoparticles”. Only relevant literature on 
SERS for esophageal cancer detection was included in this 
study. The search strategy is summarized in Table 1. We 

identified 12 articles that used SERS-based technology for 
esophageal cancer detection from our literature search. 
These articles are summarized in Table 2. 

Narrative

SERS: overview and parameters

Classic Raman scattering was described by C. V. Raman in 
1928, who found that inelastic collisions between incident 
photons and molecules caused a documentable shift in 
photon frequency (20). These shifts are characteristic of 
molecular bond vibrations caused by photon collisions, 
generating unique “Raman spectra” for individual molecules. 
This spurred a great deal of interest in utilizing RS for 
chemical analysis. In particular, biomolecular Raman peaks 
have been extensively documented as researchers attempted 
to use RS for analytical and diagnostic applications. Its 
ability to collect unique spectra from a variety of substrates, 
combined with a relatively straightforward experimental 
setup (via laser excitation), makes RS a highly attractive  
tool (21). However, a major drawback of RS is that its signal 
is relatively weak. Combined with other limitations such 
as low detection ability, fluorescent interference and long 
exposure times to potentially harmful lasers, RS still had 
distinct areas for improvement (22). 

SERS improves upon RS by dramatically increasing the 
Raman signal by orders of magnitude of at least 103, and 
in certain studies, by 1014–1016 (23,24). This is through the 
use of novel nanotechnology platforms which contain a 
metal, such as gold or silver, that is contused with a Raman 
reporter shell. It is theorized that electromagnetic and 
chemical mechanisms both contribute to this enhancement 
(Figure 1). First, electromagnetic enhancement is believed 
to contribute to the majority of signal amplification and 
occurs when incident light causes oscillation of valence 
electrons in local atoms when the light’s frequency matches 
the electrons’ resonant frequency (a phenomenon called 
local surface plasmon resonance). Enhancement can then be 
considered to occur in a two-step process: first locally onto 
the substrate, and then as the substrate enhances the emitted 
field from the analyte. In this way, emitted fields from the 
analyte of interest can be considered “re-emitted” from the 
substrate (Figure 1A) (25). This process occurs particularly 
at “hot spots” where two NPs are in close proximity to 
each other. Modifications to SERS substrate structures are 
therefore sought to promote “hot spots” and enhance the 
Raman signal (24,26,27). The second mechanism, chemical 

https://aoe.amegroups.com/article/view/10.21037/aoe-22-24/rc
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enhancement, is less well understood and is believed to 
contribute less towards signal amplification. It is thought 
that one aspect of chemical enhancement occurs when 
new complexes are formed between the analyte and the 
substrate; this new complex subsequently enhances the 
Raman signal (Figure 1B). Because chemical enhancement 
depends in part on the analyte, this may explain why certain 
molecules are not effective with the SERS technique or 
why SERS enhancement factors among different analytes 
vary with the same SERS substrate (27-30). Today, a variety 
of SERS techniques ranging from roughening surfaces to 
noble metal nanostructures are used. 

SERS methodology and statistical analysis

Methodological considerations in biological SERS 
studies include the choice of substrate, sample medium, 
instrumentation, and statistical analysis. In regard to 
SERS substrates, colloidal NPs are commonly used as 
SERS-active substrates for their ease of synthesis, tailored 
surface properties, and ability to enhance Raman signals 
on a variety of samples. Silver and gold are commonly-
utilized noble metals for colloidal NPs because they exhibit 
localized surface plasmon resonance in the visible and near-
infrared range, conjugate well to surface modifications, and 
resist corrosion (24,26,31). All the studies reported here 
utilize silver or gold NPs (Table 2). Two studies report using 
a simple deoxidizing method developed by Leopold and 
Lendl to generate Ag colloids, whereupon silver nitrate is 
reduced by hydroxylamine hydrochloride to generate Ag 
NPs (10,11,32). Reduction with sodium citrate is another 
commonly reported method of synthesis (6). NP specificity 
is further improved through tailored surface modifications 

such as antibodies and peptides specific to the target 
biomolecule. For example, NPs conjugated by antibodies 
specific to epidermal growth factor receptor (EGFR) 
(expressed preferentially in esophageal cancer cells) allow 
NPs to hone to cancer sites. This is assisted by Raman 
reporter molecules, which can also be conjugated to NPs 
and provide a distinct peak to indicate the presence of the 
target. Together, surface modifications make Raman NPs 
especially useful for multiplexed imaging purposes (31,33). 
Colloidal NP solutions have versatile applications and can 
be mixed with patient sample mediums for direct SERS 
imaging, applied to tissue sections, or even incorporated 
into fiber optic sensors (Table 2). Sample mediums therefore 
vary widely and can be either fluid or solid. Fluid sample 
mediums include patient urine, blood hemoglobin, and 
blood plasma; solid sample mediums include tissue biopsies 
or endoscopy of the esophagus (Table 2). 

SERS methodology does not vary significantly from RS 
instrumentation and has been previously discussed (34).  
In brief, a laser with an excitation wavelength near the 
resonance frequency of the sample is directed at the 
sample. For example, one study reports using a 632.8 nm  
laser excitation wavelength because the SERS-active 
substrate exhibited a maximum absorption wavelength 
of 418 nm (12). However, the majority of SERS-based 
esophageal cancer studies reported here use a 785 nm laser 
excitation wavelength, which has previously been reported 
to minimize background fluorescence and maximize signal 
sensitivity (35,36). Biological samples emit signals at various 
wavelengths, so a wide collection range is necessary in order 
to collect the full range of signals emitted by samples (21).  
All of the studies reported here collected spectroscopy 
signals within the range of 300–2,000 nm (Table 2). 

Table 1 Search strategy

Items Specification

Date of search January 1st 2021–December 31st 2021

Databases and other sources searched Web of Science (all databases), PubMed, Google Scholar, and PLOS One (all databases)

Search terms used “Raman spectroscopy”, “esophageal cancer”, “esophageal neoplasms”, “surface-enhanced 
Raman spectroscopy”, “SERS”, and “nanoparticles”

Timeframe January 1st 2010–December 31st 2021

Inclusion and exclusion criteria Studies meeting search criteria and relevant to literature on SERS for esophageal cancer 
detection were included in this study. Only English studies were included

Selection process Selection of articles was conducted independently by 2 separate investigators (SH, DN) and 
disagreements were resolved through discussion to generate a single consensus list
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Principal component analysis (PCA) and discriminant 
analysis (DA) are two statistical methods commonly 
employed  fo r  SERS da t a .  PCA and  DA reduce 
dimensionality of the data to maximally account for 
variance with the minimum number of variables. The 
main difference between PCA and DA is that PCA is an 
unsupervised method that does not account for group 
labels (e.g., cancerous vs. healthy samples), whereas 
DA is a supervised method that uses pre-given group 
labels to maximize the difference between groups 
(37,38). This means that while DA is a categorization 
that distinguishes patients with cancerous SERS spectra 
from healthy patients’ SERS spectra, PCA only reduces 
dimensionality. For this reason, PCA is mostly used in 
conjunction with DA in SERS esophageal cancer data  
(Table 2). Other methods reported include hierarchical 
cluster analysis (HCA, unsupervised), support vector 
machine (SVM, supervised), and partial least squares (PLS) 
analysis, all of which similarly operate to categorize data. 
The ability of these algorithms to distinguish between 
cancerous and healthy samples is reported as its diagnostic 
sensitivity and specificity (Table 2). 

SERS analysis by sample medium 

Key differences have been found in prior studies between 
healthy and esophageal cancer patients’ SERS spectra 
(6,7,10-19). Because SERS spectra and results vary by the 
sample medium, herein we describe SERS results grouped 
by sample medium. 

Urine SERS spectra
Urine SERS analysis is performed by mixing colloidal NPs 
with urine samples and has been conducted by several studies 
with varying success. Huang et al. reported using urine 
samples from 56 esophageal cancer patients and 36 healthy  
patients to distinguish between healthy and cancer patients 
with 89.3% sensitivity and 83.3% specificity (11). Key 
differences between healthy and cancer patients were 
found in SERS peaks. Tentative signal assignment found 
that both uric acid (725 cm−1) and tryptophan (1,465 cm−1) 
were increased in cancer patients, whereas nucleic acids  
(527 cm−1), D-galactosamine (889 cm−1), urea (1,002 cm−1),  
and phenylalanine (1,138 cm−1) were decreased in cancer 
patients (Figure 2) (11). These results suggest increased 
DNA breakage and differences in amino acid/polysaccharide 
metabolism in esophageal cancer patients (11). Another 
study by Feng et al. used urine samples and was able to 
distinguish between healthy and cancer patients with 100% 
sensitivity and 100% specificity (13). One reason for the 
discrepancy in detection may be methodology; rather than 
directly mixing NPs with patient urine samples, Feng 
et al. isolated modified nucleosides from patient urine 
using affinity chromatography prior to analysis with gold 
colloidal solution. They also utilized PCA-DA analysis 
rather than PCA-LDA analysis. Feng et al. found lower 
peak signals assigned to adenine vibration (725 cm−1) in 
cancer patients, which the authors suggest indicates altered 
RNA metabolism in esophageal cancer patients (13). 
Interestingly, both studies identified 725 cm−1 as a key peak 
difference between esophageal cancer patients and healthy 

Figure 1 Schematic of SERS EM enhancement and CE enhancement mechanisms of signal enhancement. (A) Two-step process of 
electromagnetic enhancement, whereby emitted fields are enhanced both locally on the substrate surface and when analyte emitted fields are 
“re-emitted” from the substrate surface. (B) New complexes between the analyte and substrate are thought to create chemical enhancement. 
ωL = frequency of incident field; ωR = frequency of re-emitted field. SERS, surface-enhanced Raman spectroscopy; EM, electromagnetic; 
CE, chemical. Adapted from reference (25) with permission from the Royal Society of Chemistry. 
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patients. Huang et al. interpreted 725 cm−1 to suggest 
higher uric acid content in cancer samples, whereas Feng 
et al. interpreted 725 cm−1 to suggest lower adenine content 
in cancer samples. This demonstrates how different signal 
assignments can result in vastly different interpretations. 
This may also be related to methodology, as the latter study 
isolated modified nucleosides and likely had insignificant 
amounts of uric acid in solution. 

Blood SERS spectra
Blood SERS studies are conducted by mixing blood 
components with colloidal NPs. Several studies used SERS 
to analyze blood serum, plasma, and isolated hemoglobin 
for esophageal cancer detection. Using blood serum 
samples, a study by Li et al. distinguished between 31 
healthy patients and 30 cancer patients’ sera with 83.3% 
sensitivity and 86.7% specificity (14). Cancer patients had 
markedly lower peaks in signals assigned to collagen/lipids 
(1,445 cm−1), suggesting lower fat content in esophageal 
cancer patients’ sera due to increased fat consumption by 
cancer cells. Cancer patients had higher peaks in signals 
assigned to β-helix proteins (1,620 cm−1–1,670 cm−1), 
suggesting increased presence of β-helix proteins in their 
sera. Another study by Li et al. distinguished between 
healthy and cancer patients’ sera with 90.9% sensitivity and 
91.3% specificity (6). This study similarly found increased 

peaks in signals tentatively assigned to amino acids such as 
tryptophan (1,355 cm−1) and arginine (495 cm−1), in addition 
to increased peaks in signals assigned to nucleotides  
(1,355 cm−1). These findings suggest that abnormal protein 
and nucleotide metabolism in esophageal cancer patients 
is discernable by SERS. In addition, the study found a 
decreased peak in another signal assigned to tryptophan  
(886 cm−1). This discrepancy between increased and decreased 
tryptophan levels demonstrates the uncertainty when 
assigning peaks to biomolecules. Inter-study discrepancies 
also exist; the latter study found higher peaks in signals 
assigned to collagen/tryptophan (1,323 cm−1), contradicting 
the former study’s finding of decreased collagen metabolism 
in cancer patients. A possible cause for the discrepancy 
between studies could be different assignment of signals, as 
the former and latter studies assigned different signal shifts 
to collagen (1,445 cm−1 and 1,323 cm−1, respectively). 

Apart from blood serum, we identified SERS studies 
that were conducted using blood plasma and hemoglobin. 
Li et al. used blood plasma to distinguish between cancer 
and healthy patient samples with 94.4% sensitivity and 
100% specificity (10). Cancer patients had increased peaks 
in signals assigned to nucleotides (725 cm−1, adenine;  
1,333 cm−1, nucleic acid bases). This finding supports 
several other studies and suggests that abnormal DNA 
and RNA metabolism frequently distinguishes cancer 

Figure 2 SERS spectra of urine samples from esophageal cancer patients and healthy patients. (A) RS spectra (red) of a urine sample compared 
to SERS spectra (black). There is significant signal amplification of the SERS spectra compared to the RS spectra. A transmission electron 
microscopy image of the silver nanoparticles used for SERS is pictured. (B) Mean SERS spectra of esophageal cancer urine (red), healthy urine 
(black), and the difference between the spectra (esophageal cancer – healthy, blue). Shaded regions indicate standard deviation of the mean. 
Reproduced from reference (11) by permission of IOP Publishing. SERS, surface-enhanced Raman spectroscopy; RS, Raman spectroscopy.
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patients’ blood from healthy patients’ blood. However, it is 
in contrast to Feng et al.’s study, which found a lower peak 
at 725 cm−1 (adenine) rather than an increased peak at that 
signal. Feng et al. suggested this indicated abnormal RNA 
metabolism, and the discrepancy may be due to different 
sample mediums or methodology (13). Interestingly, a study 
by Zhou et al. using hemoglobin found that cancer patients 
had more low spin state iron ions in their hemoglobin 
compared to healthy patients. Because iron ions are at a low 
spin state when combined with oxygen, the authors argue 
that this indicates greater hemolysis and free iron combined 
with oxygen in cancer patients (12). 

Tissue
Tissue-based SERS analysis relies upon directly applying 
NPs to target tissue. NPs are designed to have affinity for 
cancerous surface markers or overexpressed proteins; in a 
patient with esophageal carcinoma, these NPs are designed 
to bind to literature-confirmed overexpressed proteins such 
as EGFR and human epidermal growth factor receptor 
(HER2) (15). For in vivo studies, NPs are consumed similar 
to a barium swallow. A fiber optic probe is then inserted 
into the esophagus to directly visualize esophageal tissue 
coated with NPs and used to generate spectra. Several 
studies have demonstrated the efficacy of this method. 
One recent study implanted esophageal carcinoma tumor 
xenografts in rodent esophagi and demonstrated unique 
SERS peaks at wavelengths consistent with molecules 
involved in carcinogenesis, such as the aforementioned 
EGFR and HER2 (15). Another study developed a flexible 
fiber optic probe for endoscopy. This probe was piloted on 
3 patients during their routine colonoscopies, although no 
NPs were administered to the patients prior to using the 
probe. The probe was also tested on human colon tissue 
biopsies with multiple types of gold NPs applied. The probe 
distinguished between different NPs with 100% sensitivity 
and 89% specificity, demonstrating its potential for future 
clinical usage (16). 

For in vitro studies, NPs are directly applied to a tissue 
biopsy and visualized with SERS. For example, one study 
used 44 excised esophageal tissue samples two hours post-
resection from cancer patients, along with 44 controls (7).  
This study found unique and clear SERS peaks at 
wavelengths also consistent with carcinogenesis. For 
example, esophageal cancer samples had higher peaks in 
signals assigned to exocyclic thymine deformation bands 
(478 cm−1), which is consistent with a past SERS study 
on nasopharyngeal carcinoma (8). Cancer samples also 

had higher peaks in signals assigned to phenylalanine  
(1,211 cm−1), consistent with SERS literature showing 
this amino acid to be overexpressed in malignancy (39). 
Principal discriminant analysis-linear discriminant analysis 
(PDA-LDA) distinguished between cancerous and 
esophageal samples with nearly 91% sensitivity and 98% 
specificity.

Discussion

Esophageal cancer has one of the poorest 5-year survival 
rates in large part because patients frequently present 
with advanced disease. This makes early diagnosis and 
monitoring of esophageal cancer crucial, particularly 
for populations like those with Barrett’s esophagus, 
gastroesophageal reflux disease, and smokers. As such, 
detection of esophageal cancer using SERS is promising 
for its noninvasive sampling technique and high diagnostic 
accuracy. Urine and blood analysis are routinely conducted 
in the clinic, making SERS translatable for patient diagnosis 
and ongoing patient monitoring. Moreover, they may be 
used for disease monitoring following treatment to monitor 
for recurrence. Fiber optic SERS applied in vivo are also 
promising for their ability to be administered alongside 
routine endoscopies. However, an important consideration 
in tissue-based SERS is the clinical optimization of 
the Raman endoscopes. Numerous studies have used 
endoscopes that utilize lasers that surpass the American 
National Standards Institute’s suggested maximum 
permissible exposure and may cause burning or other 
adverse effects when used in practice (7,15,16). To this end, 
Zavaleta et al. used unique fiber optic scanners that use 
acceptable laser powers, while attempting to maintain high 
levels of sensitivity and specificity demonstrated in other 
trials (16). 

The results reported by studies indicate that SERS-
based machine learning algorithms have great promise 
for esophageal cancer detection. Prior studies have found 
that histologic diagnosis of esophageal cancer biopsies 
can be near 70−90% sensitivity and specificity (40-42). 
While biopsies remain the gold standard for diagnosis, 
the high sensitivities and specificities of SERS algorithms 
demonstrate their potential  for disease screening 
and monitoring. PCA, DA and other techniques are 
being employed with increasing frequency for clinical 
applications, from prostate cancer detection to radiographic 
image analysis, and so the usage of such algorithms 
also demonstrates the applicability of machine learning 
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techniques to esophageal cancer detection. Furthermore, 
diagnostic accuracy of principal components analysis/
discriminant analysis (PCA/DA) algorithms reflects both 
the algorithm’s accuracy and the degree of difference 
between cancer and healthy patients’ SERS spectra. Recent 
advancements in identifying key cancer biomarkers may 
be helpful by “widening the gap” between healthy and 
cancerous samples and thereby further refine algorithms.

Limitations of SERS for esophageal cancer detection 
include inconsistent assignment of signals, limited diffusion 
depth, and limited data for algorithm training. Because 
signals are tentatively assigned to possible biomolecules, 
studies may conflict in their spectra interpretations if they 
assign different signals to the same biomolecule. This 
results in inconsistent conclusions that make comparisons 
between SERS studies difficult. Application of SERS for 
multiplexed imaging purposes is also limited by its poor 
diffusion depth compared to MRI or CT. Recent advances 
in NP synthesis have sought to optimize signal intensity by 
optimizing NP shapes, sizes, and materials; for example, 
SERS gold nanostars generate improved “hot spots” that 
amplify the SERS signal (43). In addition, like all machine 
learning algorithms, the diagnostic accuracy of PCA and 
DA SERS-based algorithms increases with more samples. 
Limited or biased samples can skew algorithms towards 
faulty categorizations that impede the ability to detect 
patients with esophageal cancer. As such, future studies 
should further optimize their results by using larger sample 
sizes. SERS is still an early-stage technology that has limited 
clinical validation, and human in vivo studies are needed to 
validate SERS for clinical use. Limitations of this review 
include a small sample of included studies and significant 
heterogeneity in methodology and results between studies. 
Cross-collaboration between research groups is necessary to 
standardize methodologies for consistent results. 

Conclusions

Detection of esophageal cancer using SERS is an early-
stage but promising tool due to its high diagnostic accuracy 
and noninvasive sampling technique. Various studies have 
employed SERS on urine, blood, and tissue components to 
generate Raman spectra. These spectra revealed multiple 
differences between cancerous and healthy samples, and 
signals tentatively assigned to peaks/valleys suggest findings 
such as abnormal DNA/RNA metabolism and abnormal 
amino acid metabolism. Machine learning techniques such 
as PCA and DA distinguished between esophageal cancer 

and healthy patients’ spectra with high sensitivity and 
specificity. Future studies are needed to standardize SERS 
methodology and validate SERS in vivo for human use. 
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