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A B S T R A C T

Metabolites are important biomarkers in human body fluids, conveying direct information of cellular activities
and physical conditions. Metabolite detection has long been a research hotspot in the field of biology and
medicine. Surface-enhanced Raman spectroscopy (SERS), based on the molecular “fingerprint” of Raman spec-
trum and the enormous signal enhancement (down to a single-molecule level) by plasmonic nanomaterials, has
proven to be a novel and powerful tool for metabolite detection. SERS provides favorable properties such as ultra-
sensitive, label-free, rapid, specific, and non-destructive detection processes. In this review, we summarized the
progress in recent 10 years on SERS-based sensing of endogenous metabolites at the cellular level, in tissues, and
in biofluids, as well as drug metabolites in biofluids. We made detailed discussions on the challenges and opti-
mization methods of SERS technique in metabolite detection. The combination of SERS with modern biomedical
technology were also anticipated.
1. Introduction

Metabolites are small biomolecules that existed as precursors, in-
termediates and end products in the whole process of cellular activities
[1,2]. They can initiate cell signaling cascades, regulate various biolog-
ical procedures [3], and provide direct information of the state of cells
[4]. Metabolomics data sets link cell activities with metabolic pathways
as well as biological information in patients and healthy groups [5,6].
Therefore, the detection of metabolites shows significant potentials in the
fundamental studies and clinical applications to investigate physiological
activities [7].

Generally, human metabolites are studied at the cellular level, in
tissues, or in the body fluids, such as blood, saliva, bile, sweat, urine, and
cerebrospinal fluid (Fig. 1). Cellular metabolism entails a series of
complicated biological reactions, including the metabolic pathways of
cell growth and reproduction as well as changes in cellular microenvi-
ronment [8]. The core set of metabolites includes amino acids, glucose,
lactic acid, lactate dehydrogenase (LDH), pyruvate, adenosine triphos-
phate (ATP), reactive oxygen species (ROS), lipids, and nucleotides. They
act as alternative fuels, signaling metabolites, stimulators, and inhibitors
of enzymes during cell lifetime [9–13].
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Metabolites extracted from body fluids have long been investigated
for health assessment and clinical diagnosis. Neurotransmitters are one of
the most commonly studied, since they are related to diseases such as
schizophrenia and Parkinson's disease [14,15]. The main types of neu-
rotransmitters are amino acids (e.g., glutamic acid), peptides (e.g., so-
matostatin), purine derivatives (e.g., ATP), and monoamines (e.g.,
dopamine) [16]. Amino acids metabolism is related to alkaline protein-
uria, phenylketonuria and maple syrupuria [17], which are the compo-
nents of proteins and precursors of neurotransmitters [18]. ATP is an
important neurotransmitter that produces metabolites in the degradation
process, including inosine (INO), hypoxanthine (HX) and uric acid (UA).
INO and HX are key cardiac biomarkers, and UA can provide signals of
heart failure and acute kidney injury [19–21]. Besides neurotransmitters,
vitamins are a critical necessity for human body. Vitamin B complex is
the precursor of a variety of coenzymes; vitamin B6 deficiency can cause
depression and convulsions; scurvy may be due to a lack of vitamin C.
The metabolites of vitamins provide a clue for the disease related to
genetic dysfunction, dietary deficiency, and so on. Besides the above
endogenous natural metabolites, drug metabolites have garnered much
attention as they reflect in vivo drug dosage. The monitoring of drug
metabolites helps to understand the working concentration of pills,
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Fig. 1. Common metabolites from biofluids and cells.
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potential side effects of overdose, and to control the use of illegal drugs.
To sum up, extensive efforts have been made for the analysis of metab-
olites in biofluids, in order to fully understand the in vivo biological ac-
tivities [22–27].

Surface-enhanced Raman spectroscopy (SERS) is an ultra-sensitive
and highly specific optical detection technique, benefited from the mo-
lecular “fingerprint” of Raman spectrum and the enormous signal
enhancement (down to a single-molecule level) by plasmonic nano-
materials [28,29]. The applications of SERS in chemistry, biology and
medicine have been widely reported [30–32]. For instance, SERS-based
cancer diagnosis and in vivo tumor detection have been successfully
proposed in vitro or in vivo [33–35]. SERS also holds great potential for
the detection of metabolites because it is a sensitive, label-free, rapid,
specific and non-destructive technique; particularly, the advance in
nanotechnology provides abundant choices of plasmonic substrates for
metabolite screening.

This review systematically summarizes SERS-based metabolite
detection studies. Starting with the general introduction of different
metabolites and their important functions, we then compared the con-
ventional detection techniques including mass spectrometry (MS) and
nuclear magnetic resonance (NMR), as well as the emerging SERS tech-
nique. In the main text, the progress on SERS-based metabolite detection
in the recent decade was discussed, classified by the metabolic molecules
at the cellular level and in body fluids. We then made perspectives on the
prospects of metabolite SERS detection, by discussing the challenges and
optimization methods of SERS technique. At last, the combinations of
SERS with modern medical technology were anticipated. Other relevant
reviews about SERS-based cancer diagnosis, biomarkers determination,
2

and illicit drugs determination can be referred to literature [36–41].

2. Main metabolic molecules detecting methods

MS, NMR, and the combination of them with chromatography have
been widely applied for the separation and detection of metabolites
[42–44]. SERS, as an emerging method for metabolite detection, has
been developed with a standardized substrate preparation and detection
procedure.

2.1. Traditional methods

MS is an analytical method for the measurement of the mass-to-
charge ratio of ions. The basic principle of MS is to ionize each compo-
nent in the sample to generate charged ions with different charge-to-mass
ratios, then the ion beam enters the mass analyzer for mass determina-
tion. MS is widely applied to analyze biological samples through direct
injection or chromatographic separation. The latest improvement in mass
accuracy has greatly broadened the range of metabolites that MS can
analyze with enhanced precision [45]. The quantification of varied me-
tabolites could be achieved through MS with high sensitivity and reso-
lution to obtain the information of metabolism [46]. For example,
metabolites in urine were detected via matrix-assisted laser desorptio-
n/ionization MS (LDIMS) for kidney diseases subtypes characterization
[47]. Similarly, with the help of LDIMS, the diagnosis of early-stage lung
adenocarcinoma was achieved through serum metabolite detection [48].

Metabolite detection through NMR was based on the differences of
spin motions from different nuclei. NMR is able to acquire the
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information of the whole metabolism, considered as one of the most
successful analytical techniques in the analysis of bio-fluids [49–51]. The
benefits and shortcomings of MS and NMR are listed in Table 1. Never-
theless, limited by relatively low sensitivity, NMR is only appliable for
metabolites of adequate concentrations [52].

Chromatography relies on the difference in forces (distribution,
adsorption, ion exchange, etc.) between different solutes (in the sample)
and stationary phase and mobile phase to separate different solutes from
each other. Thus, as a powerful tool for sample separation, chromatog-
raphy has been largely developed to be combined with MS or NMR, and
occupies a prominent position in the science of identification and sepa-
ration [53]. Advances in high performance liquid chromatography
(HPLC) and MS have greatly promoted metabolomics analysis. MS and
HPLC can be combined for unknown endogenous or exogenous metab-
olites characterization in complicated biological samples [54–56].
However, the combination of these technologies requires expensive
equipment, complicated sample preparation and long test time [57].

2.2. SERS

Raman spectroscopy, as an inelastic part of emission when light
interacting with samples, exhibits high specificity with fingerprint
feature and narrow bandwidths. It reveals the information of molecular
vibrational, rotational, and transitional information [59,60]. Normal
Raman signals can be largely enhanced when molecules are adsorbed on
the surface of metallic nanostructures [61]. This is called
surface-enhanced Raman scattering/spectroscopy (SERS). The mecha-
nism of SERS enhancement is generally described in two aspects: elec-
tromagnetic (EM) and chemical (CM) enhancement (Fig. 2A) [62]. The
localized surface plasmon resonance (LSPR) brings an enhanced local EM
field, referred to as EM “hotspots”, which enhances Raman signals of
molecules located in this region. In the narrow gaps between/in plas-
monic structures, a much stronger EM enhancement can be generated
[63]. Theoretically, EM enhancement takes effects for any molecules
located in hotspot regions, and the direct attachment of molecule to the
plasmonic surface is not necessary (Fig. 2A). CM mechanism, though not
fully understood so far, often refers to (i) the increased polarizability of
the molecules, (ii) molecular electronic excitation promoted by the
photon excitation, or (iii) charge transfer transitions between the metal
and molecules [64,65]. It is usually effective for a molecule that directly
contacts nanostructure surface, especially via chemo-adsorption.
Table 1
Comparison of MS, NMR and SERS in metabolite detection. The descriptions of
MS and NMR are according to reference [58].

MS NMR SERS

Sensitivity High and the limit of
detection (LOD)
reaches nM

Low but can be
improved with
high field intensity
or low temperature

High and LOD
reaches the range
of nM - pM

Selectivity Selective and non-
selective analysis

Generally for non-
selective analysis

Selective and
non-selective
analysis

Destruction Destructive but a
small number of
samples required

Non-destructive
and samples can be
recycled after
measurements

Non-destructive
and a small
number of
samples required

Reproducibility Moderate High Moderate,
depending on
substrate
uniformity

Sample
pretreatment

Demanding Not necessary Not necessary but
recommended

Sample analysis
time

Longer than NMR,
and
chromatography
techniques required

Fast and the whole
sample can be
analyzed
simultaneously

Fast and multiple
analytes can be
analyzed in one
measurement

Targeted
analysis

Relatively better Not optimal Not optimal

3

Generally, EMmechanism dominates the total enhancement, even for the
molecule directly adsorb on nanostructure surface [66–68].

SERS-based detection techniques could be recognized as direct (label-
free) and indirect (with SERS labels). For the direct strategies, the target
molecules are placed close to plasmonic nanoparticles (NPs) to generate
enhanced molecular Raman spectra [69,70]. These Raman spectra
contain abundant molecular information, reflecting the chemical and
pathological state of cells or tissues [71]. So far, direct SERS has been
applied for food safety testing, field testing, liquid biopsy and cancer
diagnosis [67,72–74]. For the indirect strategies, NPs modified with
Raman reporters are used as labels to specifically bind to targets, e.g.,
protein biomarkers. In this case, the detection of targets relies on the
enhanced signals of Raman reporters on NPs. A variety of SERS NPs
coated with different targeting ligands have been developed, benefiting
SERS-based multiplexing analysis [75,76]. SERS NPs possesses great
potentials in bioimaging, immunoassay, microtumor diagnosis, as well as
intraoperative navigation [64,77–80].

Despite the fact that indirect SERS has been widely used for detecting
macro biomolecules and cells [81–83], the detection of metabolites,
however, is commonly applied in a direct way. This can be attributed to
two reasons. First, most metabolites, unlike immuno-biomolecules (e.g.,
antibodies), rarely show affinity toward plasmonic surfaces [84]. Second,
the indirect SERS detection usually requires the targeting of SERS NPs to
metabolites either through bio-recognition or by physical-chemo re-
actions. The targeting process is seriously hindered by the much smaller
size of metabolite molecules than that of NPs. Therefore, it is more
feasible to simply enhance metabolites by generated hotspots of sub-
strates in a label-free approach. Fig. 2B presents the typical procedure of
SERS metabolite detection: firstly, the metabolite samples are collected
and added onto the SERS-active nanostructures for molecular adsorption;
then, the exposure of samples to laser excitations induces high SERS
signal, which can be detected by the Raman spectrometer; finally, the
obtained SERS signals are processed and analyzed for quantification. The
design of SERS substrates follows the guidelines of generating more
plasmonic hotspots [85–88]. As shown in Fig. 2B (bottom panel), the
SERS substrates can be made in colloidal states (left), or as solid sub-
strates such as randomly distributed or periodic array nanostructures
(right).

SERS provides favorable properties in metabolite detections. First, the
direct SERS technique has proven ultra-high sensitivity down to the
single-molecule level, with the procedure being rapid and non-
destructive. Second, the abundant choices of SERS active substrates
make the detection flexible - in vitro, ex vivo or in vivo. For instance, the
general substrates in Fig. 2B are feasible for in vitro or ex vivo applications;
as for the in vivo studies, the proposed plasmonic needles are promising to
be precisely locate near cells or in tissues for investigations on local
biomolecules [72,89]. Third, the high specificity of Raman spectra ben-
efits the high-throughput screening in metabolomic studies. Also, SERS
allows the integration with other techniques (e.g., chromatography) on
metabolites sensing to enhance the accuracy, multiplexing capability and
specificity [90].

3. SERS detection of cellular metabolites

3.1. Cellular metabolite detection in physiological states

Cellular microenvironment is complicated, as the rapid metabolic
kinetics leads to concentration variations, structural diversity and high
complexity of analyte medium. Also, the relatively low concentrations
make it challenging to study metabolites at the cellular level. To
circumvent the above problems, a SERS-microfluidic droplet platform
was reported [91]. The multi-functional magnetic SERS substrates were
composed of Ag NPs modified Fe3O4 microspheres. Owing to efficient
adsorption of analytes and aggregation-inducing ability of magnetic
beads, numerous EM hotspots can be generated to obtain strong SERS
signals. This study achieved the label-free, non-destructive, and



Fig. 2. (A) SERS enhancement mechanisms. (B) The direct SERS detection procedure of metabolites. The SERS substrates commonly utilized are presented.
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synchronous quantification of three common cellular metabolites: py-
ruvate, ATP and lactic acid (Fig. 3A) [91]. The LOD value was 1.0, 0.1
and 0.01 pM, respectively. This SERS-microdroplet platform provided
new insights for the design of SERS aggregates with dense hotspots.
3.2. Cellular metabolite detection in disease/pathological states

By monitoring the variations in extracellular ATP concentration, it is
potential to reveal chronic inflammatory diseases and cancers. Lussier
et al. reported a non-invasive strategy to simultaneously monitor gradi-
ents of ATP and other metabolites of endothelial cells (HUVEC) and
tumor cells (HeLa) [92]. In this work, the plasmonic nanosensors
composed of Au nano-raspberries were located above cells. Then me-
tabolites diffusion from the cells to the surface of nanosensors led to the
enhancement in Raman spectra (Fig. 3B). SERS signals provided complex
information about the cellular uptake and secretion of different metab-
olites. The results showed that the extracellular ATP of HUVEC and HeLa
cells increased significantly, revealing the significance of extracellular
ATP in tumor micro-environments.

Cancer-related metabolites can be specifically detected by SERS. In a
demonstration work, lactic acid and thiocyanate in a hydrogel tumor
phantom model were detected using Au nanostars and Ag-plated Au
nanorods SERS biosensors [93]. Similarly, Plou et al. developed a SERS
plasmonic substrate containing Au superlattices for cancer-associated
metabolite detection [94]. The tumor cell culture supernatant was
collected and deposited on the self-assembled SERS superlattice nano-
structures. This is beneficial for nondestructive and multiplexing detec-
tion of extracellular metabolites relevant to tumor biology. The analysis
of kynurenine (a secretory immune-modulating derivative of cancer
metabolism) and related molecules tryptophan were achieved with a
LOD of 1 μM. Other adenine and hypoxanthine derivate metabolites were
4

also detected (Fig. 3C). This study demonstrated the feasibility of SERS
detection on extracellular tumor metabolites under diverse cell culture
conditions. Erzina et al. reported Au multi-branched SERS NPs (AuM) for
the accurate identification of normal cells and tumor cells [95]. These
NPs were modified with different functional groups for partially-selective
capture of molecules from the cell culture medium. The convolutional
neural network (CNN) was applied and the training results were evalu-
ated using ad hoc feature selection methods. In this way, the SERS data
sets of normal and tumor-relatedmetabolites were recognizedwith 100%
predicting accuracy. This work indicated that the introduction of func-
tional groups could improve the specificity in capturing proteins, nucleic
acids, and lipids, benefiting the distinguishment between normal cells
and tumor cells.

SERS metabolite detection could also be applied in the prediction of
cancer metastasis. Tumor metastasis generally originates from primary
cancer cells, and in this evolution process, a specific population called
metastatic cancer stem cell-like cells (MCSC) was considered to be related
to cancer metastasis [96]. Dharmalingam et al. invented an
ultra-sensitive 3D metasensor to effectively capture non-sticky MCSC and
to amplify important pre-metastatic signals from individual cells. This 3D
metasensor was made through the ultrafast laser ionization technology,
which consisted of self-assembled 3D tissue nanoprobes and dopant
(Fig. 3D). The Raman signal of trace-level MCSC could be amplified
through the charge transfer and plasmon resonance via the introduction
of dopant. As a result, the subsequent signals (metabolism, proliferation,
and metastasis) in MCSC could be detected. By furthering applying
principal component analysis (PCA), multispectral evaluation can accu-
rately locate metabolic dynamics in MCSC and predict the occurrence of
metastasis. This technique demonstrated the potential of SERS sensors in
treatment prognosis and metastasis prediction.



Fig. 3. (A) SERS detection based on Fe3O4@Ag NPs of normal cell metabolites, and the standard curves of SERS intensities versus ATP concentration (Reproduced
with permission from Ref. [91]. Copyright 2019, American Chemical Society.). (B) SERS optophysiology distance curves experiments based on Au nanoraspberries and
the extracellular ATP and urea events in different cell lines (Reproduced with permission from Ref. [92]. Copyright 2019, American Chemical Society.). (C) SERS
detection based on Au nanospheres combined with a hydrogel-based 3D cancer model of metabolites in tumor extracellular media: adenine and hypoxanthine derivate
metabolites, and the SERS mapping of hypoxanthine, followed by relative SERRS intensities after different incubation time with hemin (Reproduced with permission
from Ref. [94]. Copyright 2020, John Wiley and Sons Inc.). (D) Dopant-functionalized 3D-metasensors and PCA from complete SERS spectra of different cell pop-
ulations (Reproduced with permission from Ref. [96]. Copyright 2021, American Chemical Society.).
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3.3. Neurotransmitters

The neuronal activities are closely related to some key neurotrans-
mitters (glutamate, γ-aminobutyric acid, and dopamine etc.). SERS can
be used to simultaneously detect these neurotransmitters near neurons.
Lussier et al. reported a dynamic SERS (D-SERS) nanosensor invented as a
patch clamp nanopipette modified with Au nano-raspberries [97]. It
could be accurately positioned in any areas containing analytes under a
microscope, to measure ATP, glutamate, acetylcholine (ACh), GABA and
dopamine at the same time. The SERS spectra of these neurotransmitters
were further analyzed by barcode data processing methods. This D-SERS
nanosensor could be a robust tool for the study on the secretion of other
cell lines.

4. SERS detection towards metabolites in biofluids and tissues

4.1. SERS detection of metabolites in biofluids in physiological states

4.1.1. In cerebrospinal fluids
Accurate analysis of disease-related metabolites in human body fluids

brings a new avenue to understand pathological mechanisms, enabling
early diagnosis of underlying diseases. By taking advantages of highly
5

specific and efficient enzymatic reactions, analytes can be detected
optically or electrochemically for metabolism studies [98]. Using
enzyme-based strategies, Liu et al. reported a biomimetic SERS-based
nanoreactor for glucose quantification in cerebrospinal fluids. Briefly,
borate probes and enzymes were loaded in mesoporous silica NPs. With
the presence of enzyme, the reaction of glucose produced H2O2, which
oxidized borate probes to its corresponding phenol form. As a result,
SERS intensity at 882 cm�1 raised along with the increase of H2O2 con-
centration, while that at 998 cm�1 rarely changed, so the peak intensity
ratio (I882/I998) was analyzed to determine the concentration of glucose
(Fig. 4A). The linear dynamic range was 1–100 μM with the LOD of 0.47
μM. The results measured on the samples from two patients were
consistent with that obtained using the clinical glucose detection kits,
proving the clinic potential of this nanoreactor. This work showed that
ratio metric measurement could be a reproducible and robust strategy for
metabolite detection.

4.1.2. In blood
To reduce the interferences from large metabolites in the blood, a

microdialysis-SERS method was used and improved the sensitivity in
lactic acid detection [99]. In this work, a 13 kDa cut-off dialysis mem-
brane was used. The dialysate was automatically blended with Ag



Fig. 4. (A) Glucose detection in patient cerebrospinal fluids determined with nanoreactor based on ratiometric SERS response to the enzymatic by-product H2O2

(Reproduced with permission from Ref. [98]. Copyright 2020, John Wiley and Sons Inc.). (B) PCA and PLS analysis of pregnancy and tetrahydrocortisone in urine for
miscarriage prediction (Reproduced with permission from Ref. [84]. Copyright 2020, American Chemical Society.). (C) PCA for metabolites in the urine of normal,
pancreatic cancer, and prostate cancer patients based on the AgNW-GFF sensor (Reproduced with permission from Ref. [105]. Copyright 2021, American Chemical
Society.). (D) SERS detection of sulfodibimane (representing polysulfides in tumor tissue) (Reproduced with permission from Ref. [107]. Copyright 2021, Elsevier.).
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colloidal NPs in the microfluidic chamber for SERS detection. The linear
range of lactic acid measurement was 10�5

–3 � 10�4 M with an R2 value
of 0.99. This work demonstrated the advantages of microdialysis in
improving the sensitivity of SERS metabolite detection.

4.1.3. In urine
The main components in urine are water, urea, creatinine and uric

acid. For the SERS detection of urea biomolecules, Ag–Au compound
SERS substrates were reported [100]. The Au porous nanostructure
exhibited large surface area with more adsorption sites and plasmonic
hotspots. Compared with Ag films, the SERS enhancement factor of this
porous substrate was improved by 6 times, allowing the trace detection of
urine metabolites. Its detection linear range covered a wide range of
concentrations from 1 to 20 mM with the LOD of 1 mM. In another work
on urea detection, SERS substrates comprised of closely spaced metal
nanodomes were placed in a flexible tube used for intravenous admin-
istration and catheters [101]. The SERS peaks of promethazine and urea
were used for individual testing and cross testing. This work aimed to
improve the safety of intravenous administration through monitoring the
concentration of promethazine and urea.

Creatinine is a protein produced by muscle and released into the
blood. Its level in healthy people is relatively stable. Therefore, it is the
6

most used urine component in renal clearance tests and provides details
on the status of the kidneys. Wang et al. collected human urine samples
from ten healthy people and detected creatinine in these samples by SERS
[102]. The partial least squares cross-validation (PLSCV) method was
then used to obtain the estimated creatinine concentration in the clini-
cally relevant concentration range (55.9–208 mg/dl), and the root-mean
square error of cross validation was 26.1 mg/dl. This work proved the
viability of SERS detection towards human urine creatinine.

Similarly, with the use of partial least square (PLS), a “limit and
capture” method was reported for multiple detection of two urinary
metabolite families associated with the risk of miscarriage [84]. First,
surface chemistry was applied on the self-assembled single-layer sub-
strate grafted with Ag nanocubes, making it possible for the substrate to
capture metabolites from the complicated urine matrix. As the SERS
substrate was also hydrophobic, metabolites could be confined in the
hotspots generated from the SERS nanomaterials (Fig. 4B). PCA was used
to clarify the spectral changes that occur when urine metabolites were
combined with the capture agent, to identify the molecular fingerprints
corresponding to the target metabolites and eliminate background in-
terferences. After that, PLS analysis converted all molecule fingerprints in
the complete spectral window into quantifiable SERS readings, gener-
ating a detection range spanning 7 orders of magnitude in
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concentrations. Moreover, PLS analysis could also detect small changes in
the concentration of metabolites at the level of 0.1 nM in urine, allowing
rapid (within 30 min) quantitative screening of key metabolites in pa-
tient samples. This method brings new strategies of substrate design to
improve the sensitivity and selectivity of SERS metabolite detection.

4.1.4. In fingerprints and tears
The most common indicator of kidney disease is the level of urea in

blood or urine, and therefore, the urea detection was usually carried out
in blood or urine samples. Early in 2012, an alternative method to detect
urea by examining and comparing SERS spectra from different biological
fluids (tears and fingerprints) was proposed, using a thin film of Au NPs
as SERS substrates [103]. The results indicated the possibility of using
other alternative biological fluids to monitor the urea content in the
body. In contrast to the blood urea nitrogen test, the SERS analysis of
tears and fingerprints produced by sebaceous and exocrine gland secre-
tions was a rapid and non-invasive method for the early diagnosis of
kidney disease.

4.2. SERS detection of metabolites in bio-fluids and tissues in disease/
pathological states

4.2.1. Metabolites in bio-fluids in disease/pathological states
Metabolites are promising biomarkers for cancer diagnosis. The

detection of the serum metabolic profile of hepatocellular carcinoma
patients through SERS was firstly reported in 2016 [104]. It compared
the SERS spectra of serum from hepatocellular carcinoma, breast cancer,
and lung cancer patients to discover the changes in serum metabolism of
patients. The Raman spectrum of the hepatocellular carcinoma serum
biomarker alpha-fetoprotein was detected for the first time, and the
significant peaks of hepatocellular carcinoma were analyzed. This work
demonstrated the potential of hepatocellular carcinoma diagnosis based
on the detection of patients’ serum through SERS.

For the diagnosis of pancreatic cancer and prostate cancer, the
stacked Ag nanowires on glass fiber filters have been proved to be useful
(Fig. 4D) [105]. In this work, calcium ions were added to enhance the
absorption of metabolites to Ag nanowires. The detection of xan-
thopterin, inosine, hypoxanthine, xanthine and urea was achieved. Then,
multivariate analysis of SERS spectra using unsupervised PCA and su-
pervised orthogonal PLS discriminant analysis was applied. From the
results, the discrimination between the pancreatic and prostate cancer
group was rather effective (with a sensitivity of 100% and a specificity of
100%), so as the discrimination between the normal group and the
combined cancer group. This study indicated that PCA and PLS improved
the accuracy of diagnosis in a large number of patients’ statistics.

Except for blood and urine, saliva might be the ideal sample for non-
invasive cancer (oral cancer) detection because it contains a large num-
ber of metabolites related to personal health conditions. Falamas et al.
studied the SERS spectra of saliva using Au NPs [106]. The reproducible
spectra were obtained at certain locations on the SERS map. Based on
Raman bands of amino acids and proteins, the healthy and oral cancer
saliva could be distinguished. This work indicated the possibility of SERS
detection on saliva for oral cancer diagnosis.

4.2.2. Metabolites in tissues in disease/pathological states
Honda et al. reported that the detection of polysulfides on the tissue

could predict the prognosis of cisplatin-based chemotherapy [107]. Au
NPs based SERS substrate was utilized to enhance the electromagnetic
field to sense a variety of sulfur-containing metabolites-S (Fig. 4E). As a
result, SERS spectra of cancer regions of clear cell carcinoma (CCC)
revealed that CCC showed a characteristic Raman peak at 480 cm�1 in
cancer stromal regions. The CCC patients with higher SERS signal exhibit
significantly shorter survival time than those with lower SERS signal,
indicating that the SERS intensity at 480 cm�1 could be used to predict
the overall survival time of CCC patients. The SERS signal further indi-
cated the presence of polysulfides in cancer tissues. This work proved
7

that the anti-tumor effects could be evaluated through detecting the
specified metabolites change by SERS.

To distinguish different tumor models, SERS was reported to detect
metabolites from tumor lysate with high sensitivity and chemical speci-
ficity [108]. In this work, liquid chromatography (LC) was performed,
and this LC-SERS method presented a metabolite detection capability
comparable to LC-MS, showing selectivity towards the detection of
different metabolite subsets. Analysis of repeated LC-SERS experiments
showed reproducible metabolite patterns, which could be converted into
barcodes to distinguish different tumor models. This work demonstrated
that SERS could be integrated with other techniques (chromatography,
etc.) for higher selectivity in metabolite detection.

4.3. Metabolites of drugs

4.3.1. Anti-tumor drugs
For the quantitative detection of the anti-tumor drug methotrexate

and its main metabolites in urine, Subaihi et al. reported the combination
of SERS with reversed-phase liquid chromatography (RP-LC) [109]. In
this work, gradient elution was applied, and the composition of the
mobile phase was gradually changed in the analytic process. The iden-
tification of methotrexate and its metabolites 7-hydroxy methotrexate
(7-OH MTX) and 2,4-diamino-N (10)-methylpteroic acid (DAMPA) was
based on their specific SERS spectra, providing LOD of 2.36, 1.84, and
3.26 μM, respectively (Fig. 5A). It proved that SERS was suitable for the
detection of analytes without UV absorption or analytes not ionized for
MS-based detection.

4.3.2. Psychotropic drugs
With the popularization of anesthetics, the demand is increasing to

detect anesthesia drugs and their metabolites in body using a rapid, non-
invasive, and quantitative method. At present, opioid detection is mainly
carried out on urine samples, including immunoassay screening, fol-
lowed by confirmation analysis using gas chromatography MS (GC-MS).
However, it may take several days to obtain results. Therefore, the rapid
clinical identification of opioids is a challenge. In this case, a quantitative
direct SERS strategy was reported [110]. In this work, citrate stabilized
Au NPs were firstly mixed with opioids such as morphine. At this stage,
NP aggregates were rare. The alkali metal halide was then added to
replace the citrate ions on NP surface, allowing the adsorption of opioid
molecules and leading to NP aggregates. This helped to generate more
SERS hotspots. The obtained LOD in urine was equivalent to GC-MS (100
ng/mL in urine) (Fig. 5B). The work provided a novel strategy for
nanocluster formation and SERS enhancement to improve the sensitivity
of metabolite detection.

With the legalization of marijuana in several countries, more studies
aim to develop advanced methods to monitor marijuana. The rapid
detection of tetrahydrocannabinol (THC) and its main secondary
metabolite carboxy-tetrahydrocannabinol (THC-COOH) via electro-
chemical SERS (EC-SERS) was firstly reported in 2020 [111]. In this
study, the applied voltage was proved to be essential for effective SERS
detection of trace cannabinoids in body fluids (Fig. 5C). What's more, it
was predicted that the presence of carboxylic acid groups in THC-COOH
brought stronger surface adsorption of the molecules compared to THC.
Thus, it suggested that EC-SERS might be a more suitable method for
detecting THC-COOH in urine, and could be used as a favorable strategy
for cannabis monitoring.

The drug nicotine and its main xenogeneic metabolites cotinine and
trans 30-hydroxycotinine were also reported to be quantified by SERS
[112]. In this work, SERS measurements could be conducted in the ter-
tiary mixture containing nicotine, cotinine and trans 30-hydroxycotinine
with the concentration range of 10�7-10�5 M. Then, a stoichiometric
analysis using kernel PLS (K-PLS) and artificial neural networks (ANN)
was performed, and these models were proved using bootstrap resam-
pling. As a result, the prediction of nicotine was most accurate, followed
by that of cotinine. This work proved the advantages of SERS as the



Fig. 5. (A) Calibration plots of predicted LC-UV versus LC-SERS from 7-OH MTX and DAMPA with high R2 (Reproduced with permission from Ref. [109]. Copyright
2017, American Chemical Society.). (B) SERS spectra and LOD of various opioids metabolites with halide-conjugated gold nanoclusters (Reproduced with permission
from Ref. [110]. Copyright 2018, John Wiley and Sons Inc.). (C) EC-SERS for THC-COOH detection in urine samples from 0 V to �1.0 V (Reproduced from Ref. [111]
with permission from the Royal Society of Chemistry.). (D) EC-SERS spectra for 6-TUA at different potentials and the comparison of SERS signals in synthetic urine and
NaF (Reproduced with permission from Ref. [118]. Copyright 2017, American Chemical Society.). (E) Ultrasensitive ICA based on SERS towards the metabolite of FTD
AMOZ with high reproducibility (Reproduced with permission from Ref. [121]. Copyright 2015, Elsevier.).
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process was rapid without the use of time-consuming chromatography.
The abuse of psychiatric drugs is often associated with death.

Therefore, the detection of psychiatric drugs is critical to clinical and
forensic toxicology. Tricyclic antidepressants (TCA) are the first gener-
ation of antidepressants that use imipramine (Imi) as a precursor. The
widely used method for TCA detection is immunoassay, which, however,
could not identify the drug from its metabolites. The qualitative and
semi-quantitative analysis of TCA could be achieved via SERS [113]. The
SERS spectra of aqueous solution of Imi and its metabolite desipramine
(Des) were collected and the LOD of Imi in Ag colloidal solution was 0.98
μM.

Besides TCA, caffeine is considered as a widely used psychoactive
drug. It has been reported that caffeine as well as its major metabolite
paraxanthine could be detected via EC-SERS [114]. Then, density func-
tional theory (DFT) calculations were performed on the caffeine and
paraxanthines in the saliva sample to further study the adsorption of
biomolecules and assign each Raman band. The bands were determined
to be related to paraxanthines (Fig. 5D), confirmed by the pharmacoki-
netic study of paraxanthine and caffeine in human saliva. In a similar
work, SERS combined with machine learning achieved the quantification
of caffeine and its two major metabolites (paraxanthine and theobro-
mine) rapidly [115]. The above two studies were both carried out over
the detection of caffeine and its metabolites, and both applied algorithms
to improve the accuracy or the speed of the detection process.

To assess antipsychotic drug clozapine poisoning by detecting clo-
zapine metabolites in urine samples, a SERS method based on the coffee
8

ring effect was reported [116]. In coffee ring regions, more hotspots were
formed, improving the detection sensitivity. The tested linear range was
0.5–50 μg/mL (covering the toxicity range) with adequate reproduc-
ibility. This strategy provides a feasible way to generate hotspots for
sensitive detection.

Some weight-loss pills take effect by acting on the nervous system to
suppress appetite. Sibutramine hydrochloride (SH) is an illegal drug for
losing weight, but its banned addition into health products still remains,
leading to the urgent demand for SH detection. Ouyang et al. reported the
quantitative SERS detection of SH metabolites [117]. To overcome the
weak affinity between SH and bare metal, β-cyclodextrin was covered in
situ on the surface of Ag NPs to capture SH. Then the obtained Ag NPs
were coated with polyvinyl alcohol (PVA) to prepare a SERS active
hydrogel with excellent reproducibility. In this way, the quantification of
trace amounts of SH was achieved, with a LOD as low as 3.0 g mL�1. This
work implied that surface modification of SERS substrates could be
applied for better metabolites capture ability.

4.3.3. Immunologic drugs
The most common type (75%) of childhood leukemia is acute

lymphoblastic leukemia (ALL). There are many treatment options for
ALL, including chemotherapy, radiation therapy, and bone marrow
transplantation (BMT). One immunosuppressive drug commonly used in
BMT is 6-mercaptopurine (6-MP). 6-thiouric acid (6-TUA) is one of the
main metabolites of 6-MP, excreted through urine. Low-concentration
quantitative detection of 6-TUA is regarded as a marker for the
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evaluation of immunosuppressive therapy effects for patients. EC-SERS
was reported to study the adsorption and electrochemical behavior of
6-TUA on the surface of nanostructured Ag electrodes [118]. EC-SERS
provided significant signals for 6-TUA in urine at a concentration as
low as 1 μM, highlighting the huge potential of EC-SERS in detecting drug
metabolites in urine (Fig. 5D).

6-thioguanine nucleotides (6-TGNs) and 6-methylmercaptopurine (6-
MMP) are metabolites of two thiopurines (azathioprine, or its prodrug
mercaptopurine), which can be used for inflammation bowel disease
treatments. Both 6-TGN and 6-MMP may have side effects depending on
their concentration. It is thus important to monitor their concentrations
in body. Traditionally, their metabolites were quantified by HPLC.
Through EC-SERS, 6-TGN and 6-MMP could also be quantified effectively
and rapidly [119]. Compared with the conventional SERS detection with
the LOD of 1 μM, EC-SERS helped to reduce the LOD of 6-TGN to 0.01 μM
and the LOD of 6-MMP to 0.1 μM, well satisfying the clinical re-
quirements. Moreover, through optimizing the SERS mapping process,
the standard deviations were less than 10%. This work informed that the
integration of EC-SERS and mapping was potential for sensitive and ac-
curate quantitative analysis of trace concentrations, widely applicable to
any EC-SERS active analyte.

4.3.4. Aspirin
Since aspirin is available as an over-the-counter drug, its overdose

brings high risk and causes serious health symptoms. The application of
SERS was introduced to detect salicylic acid (a metabolite of aspirin) in
patient serum [120]. Under near-infrared (NIR) laser excitation,
label-free colloidal SERS (spherical Ag NPs with citrate-terminated)
could be used to detect salicylic acid at a concentration as low as 3
mM in serum, corresponding to the consumption of at least eight stan-
dard aspirin pills (mild toxicity). This diagnostic method based on SERS
is more rapid than the conventional LC and MS, and can make a sensitive
diagnosis of aspirin consumption in blood.

4.3.5. Illegal drugs
Furaltadone (FTD) is a nitrofuran antibiotic that has been banned due

to its potential harm to human health. 3-amino-5-methylmorpholino-2-
oxazolidinone (AMOZ) is a metabolite of FTD, which is stable in the
tissue matrix and can be used as a marker of FTD use. A new ultra-
sensitive competitive immunochromatography based on SERS has been
developed for the direct detection of AMOZ in tissue and urine samples
[121]. A monoclonal antibody (mAb) against AMOZ and Raman reporter
4-mercaptobenzoic acid (MBA) double-labeled colloidal Au NPs was
prepared and used as an immune probe (Fig. 5E). The specific Raman
scattering intensity of MBA on the immunochromatography test line was
measured for the quantification of AMOZ, which could be finished in 15
min with high reproducibility. The IC50 value (when the binding rate is
50%, the corresponding concentration of the inhibitory substance is
called IC50. Generally, when the value of IC50 is lower, the specificity of
the antibody is higher) and LOD of AMOZ were 0.04 ng/mL and 0.28
pg/mL, respectively. The ICA strip could be used for 7 weeks without
losing activity. The combination of immunochromatography with SERS
improved the selectivity towards specified metabolites.

Among the illicit drugs, methamphetamine (MAMP) is the second
widely abused. To evaluate the abuse of MAMP, various sample matrices,
such as urine and blood, are required to be analyzed on-site. The detec-
tion of trace amounts of MAMP and its main metabolite amphetamine in
urine via a nanostructured SERS chip was reported [122]. In this work,
the SERS substrate were self-assembled vertically arranged Ag nanorods
prepared by magnetron sputtering technology. Before the detection
process, the urine samples were acidified to remove organic urea
by-products. The remaining dissolved methamphetamine/amphetamine
in the urine sample were used for SERS analysis with the LOD of 50
ng/mL, indicating the potential of SERS for the rapid detection of illicit
drug in real samples. This work again reminded the importance of the
pretreatment of real samples from patients to decrease the interferences
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of other biomolecules and improve the accuracy of SERS detection.
Here we summarized the metabolites, SERS substrates, assay types,

LOD, and dynamic range for all the studies mentioned above (Table 2). It
can be found that, over cellular level, the common LODwas at the level of
10�6 M, and the level of 10�12 M was possibly achieved in one study; in
bio-fluids, the common LOD was at the level of 10�3 M; as for drug
metabolites, the common LOD was at the level of 10�6 M, and the LOD
could be low as 10�9 M in some work. For the fabrication of SERS sub-
strate, Au and Ag are the most preferred with the form of NPs. For me-
tabolites over cells and in bio-fluids, assays were mainly carried out on
the solid medium; for drug metabolites, liquid assays were more
common.

5. Challenges and optimization methods of SERS detection

SERS platforms are promising for the sensitive and multiplexed
screening of metabolites. However, this technology is still under devel-
opment for clinical translations. In this section, we elucidate the main
concerns regarding the current challenges as well as possible methods to
optimize SERS-based metabolite screening.

5.1. Toward high sensitivity

High sensitivity is the primary requirement for the analysis of a trace
number of biological molecules. Although SERS allows the detection
down to a single-molecule level, many metabolites show low affinity to
plasmonic surfaces and exhibit small Raman cross-sections [84]. As
mentioned before, SERS-based metabolite screening is commonly
applied in a label-free approach, i.e., directly enhancing Raman signals of
target molecules in plasmonic hotspots. In this process, the following
factors should be considered.

(1) The preparation of nanostructures with engineered hotspots. This
can be fulfilled through forming particle aggregations, enlarging
the surface area, and fabricating plasmon-coupling structures
[124–126]. For example, colloidal aggregates are preferred in
liquid phase, and nanopillar patterns [127], film layers [100] as
well as porous structures [100] are frequently reported on a planar
substrate. By dripping colloids on a substrate, the random ag-
glomerates in “coffee ring” can be formed [116]. Additionally,
SERS-magnetic complex can be introduced for the enrichment and
separation of targets as well as the formation of additional hot-
spots [91].

(2) The trap of metabolites into these hotspots. There are many types
of metabolic molecules with varied structures, sizes, and con-
centrations, and corresponding strategies are therefore applied for
different situations. Liquid analytes can be physically confined on
planar SERS substrates. For example, super-hydrophobic SERS-
active substrates were reported for the enrichment of droplets
containing analytes and plasmonic colloids [84]. For solid sub-
strates, the molecules with affinity to targets can be applied as
surface-grafted agents to enhance the trapping ability. For
instance, beta-cyclodextrin coated Ag substrate can enhance the
capture of sibutramine hydrochloride [117].

(3) The propagation of optical signals. For applications that inte-
grated the primary sensors with other devices (e.g., flasks,
microfluidic devices), the transmission of optical signals might be
difficult. To overcome this spatial constraint, a waveguide could
be considered to drive optical signals near plasmonic surfaces
[128].

(4) Pretreatment. We should also note that the direct detection of
metabolites in complicated environments is still challenging,
partly due to the competitive adsorption of other molecules. It is
thus necessary to filter interfering molecules in the pretreatment
step. For example, salt and water-soluble molecules can be
removed through a silica column filtration [84]. Membrane



Table 2
A summary of various metabolites and the corresponding SERS detection enhancement substrates, assay, limit of detection (LOD) and dynamic range using SERS
technique.

Metabolites SERS Substrate Assay
Type

LOD Dynamic range Ref.

In Normal cells Lactate Fe3O4@Ag NPs Droplet 10�14 M 10�14-5 � 10�12 M [91]
Au@Ag NRs Hydrogel 10�7 M 10�7-10�3 M [93]

ATP Fe3O4@Ag NPs Droplet 10�13 M 10�13-5 � 10�11 M [91]
Pyruvate Fe3O4@Ag NPs Droplet 10�12 M 10�12-5 � 10�10 M [91]

In Cancer Cells Kynurenine Au NPs Glass 10�6 M 10�6-10�4 M [94]
Tryptophan Au NPs Glass 10�6 M 10�6-10�4 M [94]

In Cerebrospinal fluids Glucose Si foams with Raman
reporters

Solution 4.7 � 10�7 M 4.7 � 10�7-10�4 M [98]

In Blood Lactic acid Au NPs Solution 10�5 M 10�5-3 � 10�4 M [99]
In Urine Urea Ag film Silicon wafer 0.013 M 0.013–0.17 M [101]

Ag–Au compound NP film Glass 10�3 M 10�3-0.02 M [100]
Creatinine Au NPs Solution 0.559 mg/mL 0.559–2.08 mg/mL [102]
Pregnane Ag layer Silica bead 10�14 M 10�14-10�4 M [84]

In Fingerprints Human IgG Ag NPs Glass 10�7 mg/mL 10�7-10�1 mg/mL [123]
Cancer related
metabolites

Pyrimidine and purine
metabolites

Ag nanowires Glass 1.77 � 10�9 M [105]

Drug metabolites 7-OH MTX Ag NPs Solution 2.87 � 10�6 M [109]
DAMPA Ag NPs Solution 1.66 � 10�6 M [109]
Opiods Au nanoclusters Solution 5 � 10�11 mg/mL 5 � 10�11-5 � 10�6 mg/

mL
[110]

Paraxanthine Ag NPs Solution 1.5 � 10�5 M [114]
Theobromine Au colloid Solution 5 � 10�7 M 5 � 10�7-10�5 M [115]
6-TUA Ag colloid Solution 10�6 M 10�6-10�3 M [118]
6-TGNs Au NPs Solution 10�8 M [119]
6-MMP Au NPs Solution 10�7 M [119]
Salicylic acid Au NPs Solution 3 � 10�3 M 3 � 10�3-0.01 M [119]
AMOZ Au NPs Nitrocellulose

membrane
2.8 � 10�10 mg/
mL

2.8 � 10�10-10�4 mg/mL [121]
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filtration attached inside a micro-channel was also employed to
filtrate and concentrate bacteria [129]. Micro-dialysis is useful for
in vivo sampling of molecules in body fluids and has been applied
for the SERS detection of lactic acids [99]. The removal of inter-
fering molecules highly improves the LOD of SERS screening.

5.2. Quantitative SERS detection

Quantitativeness is an eternal theme in the SERS field. Quantitative
SERS examination of metabolites from body fluidics remains problem-
atic, which is mainly due to the poor signal reproducibility caused by
random aggregations or nonuniform distribution of SERS NPs within the
laser spot, or inhomogeneous adsorption of analytes. During past de-
cades, a variety of methods has been adopted to circumvent this issue,
and in the following we outlined three major approaches.

(1) Uniform SERS substrates preparation and molecular distribution.
The uniform substrate has proved to be feasibly achieved through
micro-fabrication techniques. In contrast, it is challenging to keep
uniform molecular distribution, particularly at ultralow concen-
tration, due to the stochastic distributions of single molecules.
Therefore, the concept of digital SERS measurements holds the
promise to revolutionize the quantitative analysis at low concen-
trations. Its key point is to digitalize the signal generated by the
molecule in each hotspot, and the number of SERS event counts is
proportional to the solution concentration [127]. Using this
methodology, the specific quantification was reported on cytokine
(LOD of attomolar levels) and enrofloxacin and ciprofloxacin
(LOD of 2.9 pM) [127].

(2) Signal calibration using ratio-metric strategies. This calibration
relies on the intensity of an internal-standard peak, to eliminate
intensity fluctuations induced by the NP concentration variation.
For example, to sense small molecule metabolites, SERS substrates
are firstly modified with the internal-standard molecules, then
functionalized with probe molecules that are sensitive to target
analytes. Upon the exposure to targets, the probe molecules
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undergo chemical conversion and induce a change in Raman
signals. The intensity of generated molecules can be calibrated by
internal peak intensity to correct SERS intensity variations and
estimate the concentrations of targets. This ratiometric strategy
has been employed to measure the changes of H2O2, cholesterol,
and cerebrospinal fluid glucose [98,130,131].

(3) Spectral analysis methods. As an important procedure for Raman
spectral information read-out, the spectral analysis helps to
identify specific features from themixed components (such as PLS,
CLS) [112], and cluster similar spectra (such as PCA) [84]. The
spectral analysis can be jointly used with the above two methods
to improve the quantification capability.

5.3. Multiplexing and selectivity in mixed samples

Considering that a physiological pathway always relates more than
one kind of metabolites, high throughput detection adds to the accuracy
and efficacy of physiological state monitoring. Also, the multiplexing
capability is preferred to be evaluated along with the selectivity, since
they together represent the accuracy in capturing multiple target mole-
cules from a complex sample matrix.

(1) Combination of SERS with other analytical techniques. Different
analytical techniques have respective analyte selection rules. In
complex body fluids, there are various unknown substances that
are hard to distinguish only using SERS. Also, Raman spectroscopy
database on metabolites is yet to be populated. Therefore, for the
high-throughput screening, it is promising to integrate SERS with
other commonly used analytical techniques or devices, such as
GC, MS, LC and micro-channel chips. For example, the LC-SERS
approach was reported to have a selectivity for the detection on
metabolites in complex tumor lysate samples and show compa-
rable detection capabilities to the LC-MS [108].

(2) Machine learning assisted analysis. As an advanced form of
spectral analysis, the emerging machine learning has assisted
faster and more accurate SERS multiplexing profiling. For



Y. Lu et al. Materials Today Bio 13 (2022) 100205
example, slightly altered SERS spectra referring to different types
of metabolite molecules on the SERS substrates can be recognized
using a flexible supervised machine learning approach. This al-
gorithm is adopted to extract various features and allocate mul-
tiple spectra to the same metabolites [92]. Such machine learning
assisted analysis increased the number of sensed metabolites and
provided better selectivity and sensitivity.

6. Outlook

Looking into the future, SERS technology is promising to contribute to
a wide range of fundamental studies and clinical translations for
analyzing metabolites at the cellular level, in tissues, and in body fluids.
The most fascinating yet challenging application is the real-time SERS
monitoring of in vivo metabolites.

At present, a few works that use endoscopes for intestinal metabolite
detection were reported, which can conveniently, non-invasively, and
visually obtain digestion-related metabolite information for disease
diagnosis and evaluation [132]. Therefore, the endoscopic SERS probe
can be expected as a powerful tool for early diagnosis of metabolic dis-
eases and cancer with two advantages: (i) Better selectivity. The key
information of the biochemical research of the target tissue could be
obtained through reading the characteristic Raman peak intensity; (ii)
High sensitivity. When the sample contacts with a rough metal surface,
the usually weak Raman signal level will be significantly enhanced.

Smart homes have been used in metabolite detection, such as
smartphones, smart toilets, and electronic noses [133]. SERS technology,
as a mature detection method, can be introduced into smart homes. For
instance, SERS sensors can be incorporated into the monitoring system of
smart toilets for health assessment. Recently, a smartphone system was
proposed with Raman spectrometer integrated into the phone backside
[134]. The wireless communication function of the smartphone could be
used to connect with the cloud server for spectral analysis. This type of
system could be potential for the real-time detection of sweats
metabolites.

Wearable devices based on SERS-active nanomaterials have also been
reported, since integrating optically active plasmonic materials on flex-
ible substrates allows the direct and sensitive recognition of metabolites
[135–137]. SERS-active wearable devices, such as T-shirts made of
flexible SERS fibers, can be designed as sensitive sweat sensors, which
can monitor health by measuring sweat electrolytes. Similarly, tooth-
brushes made of SERS plasmonic fibers can be the choice for the detec-
tion of metabolites in saliva. Furthermore, compared to wearable devices
that only get access to the metabolites on skin, mostly in sweats, the
implantable devices can collect more molecular information from the
lymphatic system and bloodstreams, offering a wider range of applica-
tions. The implantable sensor based on Au NPs and hydrogel was recently
reported with good biosafety and extended lifetime of more than two
months [138]. The implantable SERS sensors are thus expected, to be
located within several centimeters deep inside the body surface; In this
scenario, in vivo SERS signal is detected noninvasively through skin with
a spatially-offset or a transmitted Raman spectroscopy setup.

Nevertheless, the biggest challenge to bring in vivo metabolite SERS
sensors to the clinic would be the selective detection of appropriate
analytes from the complex physiological environments. Also, the in vivo
sensors would face the biosafety and efficiency issues before getting
approval from the Food and Drug Administration. Still, SERS technique
proves to be a powerful tool for metabolite detection. A bright future is
thus anticipated!
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