
Chinese Chemical Letters 32 (2021) 2369–2379

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let
Review
Development of bioorthogonal SERS imaging probe in biological and
biomedical applications

Chonggui Qiu1, Ziyi Cheng1, Chuanzhu Lv*, Rui Wang*, Fabiao Yu*
The First Affiliated Hospital of Hainan Medical University, Key Laboratory of Emergency and Trauma, Ministry of Education, Key Laboratory of Hainan Trauma
and Disaster Rescue, Institute of Functional Materials and Molecular Imaging, College of Pharmacy, College of Emergency and Trauma, Hainan Medical
University, Haikou [26_TD$DIFF]571199, China
A R T I C L E I N F O

Article history:

Received 14 January 2021
Received in revised form 5 March 2021
Accepted 7 March 2021
Available online 9 March 2021
Keywords:
Surface-enhanced Raman scattering (SERS)
Bioorthogonal molecule
Visualization
Disease diagnosis
Therapy
* Corresponding authors.
E-mail addresses: lyuchuanzhu@hainmc

(R. Wang), yufabiao@hainmc.edu.cn (F. Yu)
1 These authors contributed equally to t

https://doi.org/10.1016/j.cclet.2021.03.016
1001-8417/© 2021 Chinese Chemical Socie
.edu.cn (C.

.
his work.

ty and Ins
A B S T R A C T

Living-cell imaging demands high specificity, sensitivity, and minimal background interference to the
targets of interest. However, developing a desirable imaging probe that can possess all the above features
is still challenging. The bioorthogonal surface-enhanced Raman scattering (SERS) imaging has been
recently emerged through utilizing Raman reporters with characteristic peaks in Raman-silent region of
cells (1800�2800 cm�1), which opens a revolutionary avenue for living-cell imaging with multiplexing
capability. In this review, we focus on the recent advances in the technology development and the
biological and biomedical applications of the living-cell bioorthogonal SERS imaging technique. After
introduction of fundamental principles for bioorthogonal tag or label, we present applications for
visualization of various intracellular components and environment including proteins, nucleic acids,
lipids, pH and hypoxia, even for cancer diagnosis in tissue samples. Then, various bioorthogonal SERS
imaging-guided therapy strategies have been discussed such as phototherapy and surgery. In conclusion,
this strategy has great potential to be a flexible and robust tool for visualization detection and diseases
diagnosis.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

The rapid detection and efficient therapy of diseases are very
important for clinical medicine. However, the current methods for
rapid detection and early treatment in clinical medicine cannot yet
meet the clinical requirement. Therefore, it is an urgent need to
develop analytical methods with rapid detection, low background
inference and high sensitivity for biological and biomedical
applications. In the past decades, the application of surface-
enhanced Raman scattering (SERS) in biomedicine and medical
transformation has attracted widespread interest from investiga-
tion of cellular function to cancer diagnosis and even in vivo
detection [1]. On rough precious metal surfaces, the inelastic light
scattering of molecules can be greatly enhanced (by factors up to
1014-1015). It shows the advantages of special biological detection:
(1) high detection sensitivity with excellent detection limit even
Lv), wangrui@hainmc.edu.cn
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reaching pmol/L; (2) strongmulti-component detection ability; (3)
no aqueous solution background signal interference [2,3].

SERS theory has been studied by many scientists, in which two
primary theoretical mechanisms have been developed including
electromagnetic (EM) enhancement and chemical enhancement
(CE). EM enhancement is commonly thought to make major
contribution to the Raman signal enhancement [4,5]. When the
light irradiates the surface of novel metal nanoparticles (NPs), it
will induce collective oscillations from the NPs’ surface electrons,
which is known as surface plasmon resonance (SPR). When the
incident light interacts with the plasmon, the dipolar field can be
created with the exciting electric field. The phenomenon of
redistribution of the local field induces a great enhancement of EM
field at the specific position of the NPs as known as ‘hot spot’,
which induced the enhanced Raman signals of the molecules
located at hot spot. The EM enhancement mechanism cannot
explain all the SERS phenomenon [6]. Then, CE mechanism has
beenproposed to explainwhy the Raman signal is enhanced byone
or two orders of magnitude. CE involves the interaction between
the adsorbed molecules and noble metal surface, which is mainly
described in two ways [7]. The first explanation is that the charge
intermediate induced by the interaction of molecules with the
surface exhibits higher Raman scattering cross sections than that
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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of unadsorbed analytes on the surface [8]. The other description is
that the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) of chemically
adsorbed molecules decrease symmetrically with respect to the
Fermi level of the metal surface, and the energy required for the
transition decreases [9]. Therefore, the charge transfer between
themetal surface and the adsorbate can generate Raman excitation
photons, which depends on the chemical characteristics of the
analyte.

Bioorthogonal reaction is a chemical reaction carried out in a
physiological environment but does not interfere with its
biological process [10–12]. A common bioorthogonal reaction
labeling strategy is usually to perform a bioorthogonal reaction
between a biomolecule labeledwith a chemical reporter group and
bioorthogonal probes carrying a pairing group [11,13,14]. As the
most used functional groups in click chemistry, azide and alkyne
attract much attention, which have been widely utilized in
medicine development, bioimaging and in vivo analysis [15,16].
The bioorthogonal reaction labeling strategy has beenwidely used
Table 1
Summary of recently reported bioorthogonal Raman reporters.
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in proteins, lipids, nucleic acids and glycans. This method enables
the chemical reporter group to be metabolized into newly
synthesized biomolecules [17,18]. The bioorthogonal reaction
labeling strategy is suitable for detecting the dynamic changes
of biomolecules in the biological process.

In previous reports, a chemical reporter strategy has been
developed to improve the efficiency. The precursors of the
modified bioorthogonal functional groups are synthesized by
the cell synthesis mechanism to be used for labeling nucleic acids,
proteins or glycans. Then, the bioorthogonal functional group is
reacted with a fluorescent probe that has been conjugated with a
paired bioorthogonal functional group through bioorthogonal
chemistry. Up to now, SERS signal detection in organisms is often
interfered by the background Raman signals. Inspired by this smart
strategy, combing bioorthogonal label with SERS imaging might
yield a new live-cell imaging strategy with high sensitivity and
specificity, which can directly modify bioorthogonal molecules as
Raman reporter molecules [15,19]. The bond vibration of the
Raman reporter is in the Raman-silent region (1800�2800 cm�1)
Raman peak Ref.

lasmon resonance effect 2220 cm�1 [25]

l molecule binding sites 1958 cm�1 [33]

notype identification. 2205 cm�1 [38]

ucleus 2119 cm�1 [57]

robe detects CO 2170�2240 cm�1 [64]

detection 2226 cm�1 [66]

e imaging in hypoxia 2578 cm�1 [69]

oring of drug absorption 2122 cm�1 [71]

c pH changes 2138 cm�1 [75]

sis and effective treatment 2205 cm�1 [81]
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of the biological sample, and it is hardly disturbed by the Raman
signal from the cellular components [10]. This is essential for the
rapid detection and early diagnosis of cancer and other diseases
[20]. In this review, we will focus on the most recent advances in
the development of bioorthogonal SERS strategies. First, we will
give brief fundamental principles of bioorthogonal SERS strategies.
Next, we will discuss the application in biological analysis and the
therapy methods. Finally, we will present the outlook and the
future perspectives of this field.

2. Fundamental principles of bioorthogonal SERS

Bioorthogonal SERS probes are usually composed of metal
nanoparticle cores, bioorthogonal Raman reporter molecules and
biocompatible shells [21]. The bioorthogonal probes can be
targeted by modified targeting recognition ligands or surface
functionalization. Compared with fluorescent probes, bioorthog-
onal SERS probes have higher sensitivity and higher multiplexing
and quantitative capabilities. In addition, bioorthogonal SERS
probes also overcome the spontaneous Raman signal
(1000�1800 cm�1) of biological samples and realize spectral
biological detection and molecular imaging in the Raman-silent
region (1800�2800 cm�1). Themolecules naturally present in cells
do not have any Raman signal in this region. Therefore, the Raman
reporter molecule with Raman signal in this region is specific and
not interfered by the background signal of the biological sample.
Among the bioorthogonal Raman reportermolecules, the twomost
popular bioorthogonal chemical reporter molecules, azide and
alkynes, can also be used as bioorthogonal Raman reporter
molecules, which also include the molecules with functional

[(Fig._1)TD$FIG]

Fig. 1. (a) Preparation of alkyne-PEG-modified ACGs. Copied with permission [25]. Copy
tag and the molecular structure of HSPEG and dithiobis. Copied with permission [29].
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groups of nitrile and carbon deuterium bond C–D [22,23]. Here, we
summarize the bioorthogonal Raman reporters that recently
reported as shown in Table 1.

Noble metal nanoparticles including gold (Au) nanoparticles
and silver (Ag) nanoparticles have been widely used as substrates
in SERS technology. Ag has stronger SPR effect and lower cost than
Au, but Ag is more susceptible to environmental factors than Au,
which reduces the plasma signal and limits its application. To
improve the stability of SERS substrate and reduce the interference
of surrounding environment, AgCu@graphene nanoparticles (ACG
NPs) were developed and synthesized for Raman imaging where
the growing graphene on the AgCu alloy surface can protect the Ag
surface (Fig. 1a) [24]. The AgCu alloy NPs were constructed as
active substrate, which was protected by directly wrapping
multilayer-graphene on the outer layer and then further function-
alized with alkyne-polyethylene glycol. The unique signal of the
alkyne group provided more accurate cell imaging. ACG NPs
exhibited strong SERS enhancement capabilities and resistance
against H2O2, H2S or HNO3. In the subsequent Raman detection and
Raman imaging experiments of living cells, it was also found that
ACG NPs could accurately locate cells and achieve highly specific
Raman imaging [25].

The analysis of biomarkers plays important role in clinical
diagnosis and monitoring treatment process [26]. At present, the
standard clinical method to detect biomarkers in biological
samples is usually through immunohistochemistry (IHC), however,
it cannot detect and analyze multiple biomarkers simultaneously.
As alternatives, various detection methods have been developed
for the analysis of multiple biomarkers including as mass
spectrometry (MS), reverse transcription PCR and fluorescence
right 2014, American Chemical Society; (b) Construction of a background-free SERS
Copyright 2019, Ivyspring International Publisher.
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analysis. Unfortunately, the major methods require destructive
preparation of cell or tissue specimens, which leads to the loss of
three-dimensional information. The commonly used fluorescence
imaging suffers from spectral crosstalk and photobleaching.
Therefore, it is highly desirable to develop new techniques for
analysis of multiple biomarkers [27,28].

The bioorthogonal SERS tag maybe the possible strategy for the
imaging of multiple biomarkers in cancer cells and tissues. A
library of bioorthogonal Raman reporters with alkynyl and nitrile
groups were designed and synthesized, and then anchored on the
surface of AuNPs, which exhibited classic Raman peaks in the
Raman-silent region. To obtainmultiple targeted SERS nanoprobes,
these SERS tags were conjugated with different antibodies against
estrogen receptor (ER), progesterone receptor (PR) and epidermal
growth factor receptor (EGFR) (Fig. 1b). Multicolor SERS imaging
with three different biological targets in human breast cancer
tissue could be realized, which aroused widespread interest in
early clinical detection [29].

3. SERS-based bioorthogonal analysis

3.1. Protein

Proteins as large biomolecules have complexed three-dimen-
sional structures, performing various vital functions within
organisms, including metabolic reactions, immunity, transport
and DNA replication [30,31]. Identification of binding sites in
protein attracts much attention in chemical biology research [32].
Due to its vital important roles in drug delivery and analysis of
protein function, liquid chromatograph-mass spectrometer (LC–
MS) has been widely applied to recognize the residue [29_TD$DIFF](s) in
[(Fig._2)TD$FIG]

Fig. 2. (a, b) Schematic illustration of Alkyne-Tag Raman Screening (ATRaS) and ATRaS for
[33]. Copyright 2016, American Chemical Society; (c) Cocktail of bioorthogonal SERS na
mice after intravenous injection. Copiedwith permission [38]. Copyright 2019, American
by SERS imaging. Copied with permission [41]. Copyright 2014, Wiley Online Library.
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proteolytic digests; however, the analysis based on LC–MS is often
hindered in practical application owing to the complexity of
protein digests.

To overcome the limitation, Ando and coworker reported a new
strategy based on alkyne-tag Raman screening (ATRaS) for
identification of binding sites (Fig. 2a) [33]. In this strategy, the
small molecules were labeled with alkyne group and covalently
bound to the targeted protein, which was enzymically digested to
provide peptide fragments [34]. Two synthetic peptides, prop-
argylglycine or isoleucine, were prepared as models of proteolytic
fragments. Upon mixing with 40 nm silver nanoparticles, a strong
Raman peak of alkyne was observed at 1958 cm�1 in alkyne-
labeled peptide sample, while no such peak could be detected in
isoleucine sample. The above strong peak could be attributed to
chemical enhancement due to charge-transfer between alkyne
group and silver nanoparticle. In addition, the addition of
trifluoroacetic acid (TFA) induced strong aggregation of silver
nanoparticles and peptides, further promoted the uniform
distribution on the glass substrate. Thus, SERS text variation in
different microwells could be effectively suppressed. With the
assistance of line-shaped laser illumination, SERS detection with
high reproducibility and sensitivity could be achieved with
detection limit of �100 femtomole.

To investigate the application in practical samples, ATRaS was
utilized to recognize the inhibitor-binding site and specificity of
cysteine protease cathepsin B (CatB), which involved in cancer
progression (Fig. 2b). The specific CatB peptide inhibitor Z-FG-
AOMK was screened and selected as the inhibitor model, which
contained an acyloxymethyl ketone (AOMK) group selectively
interacting with cysteine protease. Then, Z-FG-AOMK was tagged
with alkyne to form alkyne-tagged Z-FG-AOMK (Alt-AOMK),
identification of inhibitor-binding site in cathepsin B (CatB). Copiedwith permission
noprobes for simultaneous multiplex cancer phenotype targeting and diagnosis in
Chemical Society; (d) Schematic illustration of visualizing cell-surface biomolecules
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retaining the similar inhibitory activity with Z-FG-AOMK due to
little effect of alkyne tag on the binding affinity. After labeling CatB
with Alt-AOMK, the labeled CatB was digested by trypsin. The
peptide mixture was segregated by HPLC, accompanying the
reduced cysteine residuewith alkyne label of iodoacetamide. Next,
the peptide fragments were collected by a glass-bottomed 384-
well correlate at 20-sintervas. Upon addition of silver nano-
particles, ATRaS and SERS spectra could be obtained with the
typical peak at 1958 cm�1 from each fraction. The appropriate
target fractions could be obtained from through the SERS map
reconstructed from the alkyne Raman peak. The electrospray mass
spectrometry (ESI-MS) measurement was performed without
silver nanoparticles, indicating the identified Alt-AOMK labeled
peptides contained the same sequence, DQGSCGSCWAFGA-
VEAISDR with different cleavage sites. To explore the applicability
of ATRaS in complex proteolytic mixtures, the test was then
performed in HL-60 cell lysate containing CatB. According to the
reported results, ATRaS has the great potential to be powerful tool
for large-scale screening of targeted molecules in proteomics and
chemical biology.

Valuable biomarkers on the surface of tumor cells can help to
differentiate the cancer phenotypes, which is of great significance
for effective cancer diagnosis and therapy. The normal confocal
laser scanning microcopy and flow cytometry have been widely
employed for the measurement of surface acceptors on cells based
on the fluorescent labels in clinical applications [35–37]. However,
these traditional approaches need to collect a large number of cells
for the analysis, which are time-consuming and suffer from the
photobleaching and interference of background fluorescent
signals. To overcome these limitations, Wang [30_TD$DIFF]et al. designed three
bioorthogonal SERS nanoprobes labeled with alkyne, azide and
nitrile groups for simultaneous targeting and discrimination of
multiple breast cancer phenotypes in mice models. The surface of
Raman reporter-labeled gold nanoflowers (AuNFs) was encapsu-
lated by silica and polyethylene glycol (PEG) for improving stability
and further bioconjugation. To obtain the multiplex targeting SERS
nanoprobes, as shown in Fig. 2c, three specific ligands were
separately conjugated with nanoparticles: oligonucleotide
aptamer (AS1411) targeting nucleolin, cyclic arginine-glycine-
aspartic acid (cRGD) peptide for integrin αvβ3 and cell adhesion
molecule antibody (anti-CD44). These SERS probes manifested
extremely low cytotoxicity. To verify the multiplex test, MDA-MB-
231 and MCF-7 were selected as cancer cell models. The
simultaneous detection of multiplex breast cancer cell phenotypes
could be realized by SERS imaging, thereby analyzing the
discrimination betweenMDA-MB-231 cells (overexpressing nucle-
olin, integrin αvβ3 and CD44) and MCF-7 cells (overexpressing
nucleolin, integrin αvβ3) [38]. Furthermore, the typical Raman
peaks of 2205, 2120, and 2230 cm�1 could be clearly observed
upon carrying out in vivo imaging, indicating the presence of the
three receptors of nucleolin, integrin αvβ3. The bioorthogonal SERS
imaging offers an insightful strategy for early discrimination of
cancer phenotypes and diagnosis in vivo with high sensitivity.

In the process of studying cells, a real-time imaging strategy of
biomolecules with high specificity, sensitivity and minimal
perturbation is needed [39]. Currently, live cell fluorescence
imaging based on fluorophore-labeled biomolecules has been
widely applied in biological and biomedical research, while the
normal functions of the labeled components may be interfered by
the fluorophore [40]. SERS imaging can avoid some interference
towards cell function. A new SERS-based bioorthogonal imaging
methodwas developed to visualize cell surfacemolecules (Fig. 2d).
The AuNPs array and silver nanoisland films were prepared for the
enhancement of Raman signals, immobilized on the surface of
siliconwafers and glass slides, respectively. The cultured cells were
imaged on silicon wafers and glass slides with enhanced
2373
nanoparticles, while the bioorthogonal Raman reporter molecules
were displayed on the SERS spectrum. Various cell surface
biomoleculeswere observed by SERSmicroscopy through different
Raman reporter molecules, including azides, alkynes and carbon-
deuterium bonds [41]. The combination of SERS microscope and
bioorthogonal Raman reporter molecules expand the function of
live cell microscopic imaging and can be used as a supplement to
live cell fluorescence imaging and label-free imaging.

The traditional Raman reporter molecules (crystal violet,
indocyanine green, rhodamine 6 [31_TD$DIFF]G, cyanine etc.) suffer from the
complicated Raman signatures, overlap even interference origi-
nating from the cellular surrounding components including
protein, peptides, and cytochrome c [42,43]. The bioorthogonal
Raman reporters without background signals in biological samples
attract more and more research interests [44]. Wu [32_TD$DIFF]et al. presented,
for the first time, four novel aptamers conjugated biorthogonal
SERS nanoprobes for tumor imaging. Four biorthogonal Raman
reporterswere designed and synthesized based L-cysteine skeleton
structure containing benzazido, benzalkyne, and 1,4-diphenyl-
buta-1,3-diyn-1-yl moieties with the NHS ester, which located at
2010, 2142, and 2209 cm�1. Then, these bioorthogonal Raman
reporters were immobilized on the surface of gold nanoflowers
acting as both signal generators and stabilizer. AS1411 (GGT GGT
GGT GGT TGT GGT GGT GGT GG) was selected as target unit for
specific binding to nucleolin, which highly overexpressed in most
of tumor cells while very low levels in normal cells [45,46]. The
specific identification of MCF-7 cells and tumor tissue imaging
could be achieved utilizing the proposed SERS probes.

Enzyme linked immunosorbent assay (ELISA) has been broadly
applied in the field of clinical medicine due to its easy use and
relative high sensitivity. However, natural enzymes still suffer from
the low stability under severe conditions and high cost for use,
which seriously limit the application of ELISA [47,48]. To overcome
the limitation of natural enzymes, a SERS immunoassay based on
plasmonic Cu2-xSySe1-y nanoparticles was fabricated for highly
sensitive and selective detection of prostate-specific antigen (PSA)
as an important biomarker of prostate cancer, which showed good
linear concentration range of 3�120 ng/mL. The Cu2-xSySe1-y NPs
labeled on the antibodies could efficiently catalyze the click
reaction between SERS signal reporter C�C-PEG2�CH2CH2NH2 and
N3-PEG3�CH2CH2NH2. Upon the presence of different concen-
trations of PSA, the sandwich immunocomplex could be obtained.
As the click reaction proceeded, the Raman signal of C�C-
PEG2�CH2CH2NH2 decreased and exhibited a good quantitative
relationship with the PSA concentration, which provided a
potential platform for the detection of biomarkers in the clinical
diagnosis.

3.2. Nucleic acid

Nucleic acids play key important roles in biological heredity, as
well as significant biomarkers to monitor the presence and stages
in clinical diagnosis. SERS-based technology has been widely
applied in nucleic acid detection for the diseases diagnosis [49–51].
The common sensing mechanism is based the hybridization
between SERS nanoprobes and target sequences, bring the distance
change between SERS nanoprobes and platforms, and SERS signal
intensity change [52,53].

Unfortunately, there also have been several challenges for in
vivo detection of nucleic acids using SERS-based assays: (1)
Relative bulky nanostructures of SERS nanoprobesmay disturb the
normal function and biological process in living cells; (2) SERS
nanoprobes cannot be totally accumulated on the interested
regions. Therefore, developing new methods for accurate SERS
detection of nucleic acids in living cells is still in urgent demand.
EdU (5-ethynyl-20-deoxyuridine) has been presented to readily
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incorporate into cellular DNA and accumulate in the nucleus,
which can incorporate with alkyne tag to fabricate bioorthogonal
SERS tag [54]. As illustrated in Fig. 3a, Yamakosh reported the first
alkyne-tagged cell proliferation SERS probe for direct imaging in
living cells [55]. Furthermore, Zhang [33_TD$DIFF]et al. adopted EdU as an
interior label to precisely locate nuclear region. As a powerful
strategy, EdU was introduced into breast cancer cells to improve
the content of EdU molecules to obtain the bioinformation of DNA
replication process. Then, SERS-based nuclear-targeting nanop-
robes incubated with cells to improve Raman sensitivity [56]. The
direct SERS imaging of cell nucleus could be obtained, which was
different fromprevious studies that used alkyne as SERS labeling or
SERS probes for indirect SERS determination [57].

MicroRNAs (miRNAs) are small non-coding RNA that function in
RNA silencing and regulation of gene expression, containing about
22 nucleotides. Furthermore, the abnormal level of miRNAs is
closely related to the development of the cancers, and its
expression is quite different in various tumors, thus, it can be
considered as potential biomarkers for the tumor’s detection. At
present, the detection of tumormiRNA is still challenging due to its
ultralow concentration and complexity, which limits its applica-
tion in clinical diagnosis [58]. Due to the tumor heterogeneity, the
use of one kind of miRNA as the biomarker for the detection is
insufficient and cannot meet the clinical specific demand. As
shown in Fig. 3b, a new SERS-based sensor array based on the DNA
hydrogel was presented to detect nine miRNAs in one sample for
the cancer diagnosis, whichwas fabricated through incorporating a
certain multi-component nucleic acid enzymes (MNAzymes) with
a DNA hydrogel. At the presence of target miRNAs, DNA hydrogels
of the corresponding sensor unit were distinguished accordingly,
and SERS tags were able to pass through the hydrogel to be
captured by the detection surface, inducing enhanced SERS signals
[(Fig._3)TD$FIG]

Fig. 3. (a) Concept of click-free imaging and structures of thymidine analogues. Copied
illustration of the preparation and application of the target miRNA-responsive DNA hydr
with permission [59]. Copyright 2020, American Chemical Society.
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of target miRNA [59]. This integrated platform has great potential
for clinical diagnosis of miRNA marked cancer.

3.3. Detection-other reactive species

Glycans have critical roles and participate in various physio-
logical processes in the mantance of cell or tissue structure, cell-
cell communication, signal translation and host-pathogen inter-
actions [60,61]. Unfortunately, visualizing glycans on living cells is
still challenging due to the nongenetically encoded nature of
glycosylation. In order to directly detect unnatural sugars, the
alkyne group was introduced to fabricate a bioorthogonal SERS
Raman reporter for detection of sialylated glycans. The peracety-
lated N-(4-pentynoyl) mannosamine (Ac4ManNAl) could be
converted to the sialic acids (SiaNA1) after incubation with cells,
which exhibited characterized alkyne peak of at 2120 cm�1 for
Ac4ManNA1 and 2113 cm�1 for SiaNA1, respectively. The gold
nanoparticles with diameter of about 120 nmwere prepared as the
active SERS substrate, which were functionalized with 4-mercap-
tophenylboronic acid (MPBA) to improve the identification of the
sialylated glycans. As a result, the characterized alkyne peak of
SiaNA1 in SERS spectra was obtained at about 2121 cm�1 on the
MPBA-AuNP substrate, while no peak observed within the silent
region for natural sialic acid [62]. The proposed bioorthogonal
SERS strategy showed high sensitivity and specificity to the
glycans.

Carbon monoxide (CO) is recognized as the essential gas
signaling small molecule participating in various physiological
processes. Despite its importance, detection of CO in biological
systems is still challenging due to the lack of efficient detection or
visualization tool [63]. Currently, themajor assay for CO focuses on
the fluorescent probe of organopalladium. However, these
with permission [55]. Copyright 2011, American Chemical Society; (b) Schematic
ogel-based SERS sensor array for measuring multiple miRNAs in one sample. Copied
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molecular fluorescent probes may be interfered by different pH
values in various organelles. Qin [34_TD$DIFF]et al. reported a SERS nanoprobe
for detection of CO based on the ruthenium(II)-vinyl displacement
reaction, as shown in Fig. 4a. The gold-silver alloy nanoparticlewas
selected as the active substrate, and then an alkyne/[35_TD$DIFF]ruthenium(II)
ligand immobilized on the surface of the substrate for recognition
of CO. To improve the chemical stability of SERS probe, a porous
silica shell was introduced. Upon addition of CO, the alkyne ligand
was displaced resulting in the decrease of the alkyne vibration
(�2206 cm�1), and the increase of metal carbonyl complex
(�2100 cm�1), which allowed to ratiometric analysis of the CO
levels [64].

Reactive oxygen species (ROS) are indispensable in regulating
cell signaling, homeostasis and other biological processes. The
excessive amount of ROS will induce the cellular oxidative stress
[(Fig._4)TD$FIG]

Fig. 4. (a) Synthetic scheme for the alkyne/ruthenium(II) complex, and schematic illustr
with permission [64]. Copyright 2019, American Chemical Society; (b) Schematic il
ratiometric Raman detection of H2O2. Copied with permission [66]. Copyright 2019, E
nanoprobe and the sensing mechanism of hypoxia. Copied with permission [69]. Copy
detection principle and concept of click-free imaging and structures of thymidine analo
Working principle, and pH responses of the PB-caged SERS probe. Copied with permis
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and interrupt the dysfunction of protein, DNA and other
biomolecules, even result in the cell death [65]. This unique
property of ROS can be utilized to efficiently damage and kill
cancer cell to realize the excellent therapeutic outcome with the
assistance of drugs. As one ofmajor ROS, hydrogenperoxide (H2O2)
plays vital important roles serving as signaling molecule in various
biological processes. The current H2O2 detection methods mainly
focus on colorimetric assay, electrochemical method and fluores-
cence analysis. Unfortunately, even the commonly utilized
fluorescence analysis still suffers from unavoidable shortcoming,
such as rapid photobleaching and the interference from other
intracellular components. Inspired by the reaction of H2O2 and
borate moiety, a new kind of Au-Ag alloy substrate with silica
encapsulation (AuAg@p-SiO2) was prepared to develop the alkyne-
based SERS nanoprobe for the analysis of H2O2 in living cells
ation of the preparation of the SERS nanoprobe and its sensing mechanism. Copied
lustration of the AuAg@p-SiO2NPs-based SERS nanosensor for alkyne-mediated
lsevier; (c) The preparation of the SWCNT/Ag/AuNPs/MPP conjugate-based SERS
right 2019, American Chemical Society; (d) Schematic diagram of SERS nanoprobe
gues. Copied with permission [71]. Copyright 2020, American Chemical Society; (e)
sion [75]. Copyright 2020, American Chemical Society.
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(Fig. 4b) [66]. The AuAg NPs were functionalized with 4-
mercaptophenylboronic acid (MPBA) and 4-mercaptophenlyace-
tylene (MPAE) as an internal standard, and then dopamine (DA)
was introduced to improve the uniformity. The ratiometric SERS
nanoprobe was fabricated via the amide bond between the amino
group of DA and the carboxyl group of 3-(4-(phenylethynyl) [36_TD$DIFF]
benzylthio) propanoic acid (PEB, 2214 cm�1). Upon treatment of
H2O2, the SERS signal at 2214 cm�1 remarkably decreased since the
boronate-to-phenol switch induced the release of the alkynyl on
the PEB from the surface of SERS nanoprobe. The quantitative
analysis could be realized based on the ratiometric values of I1986/
I2214 because of the changeless of SERS signal of MAPE at
1986 cm�1. Under the optimized conditions, the limit of detection
was calculated to be as low as 52 nm, which provided a new
detection approach for measurement of H2O2 by using different
signaling agents.

3.4. Biological and physiological processes

Hypoxia is one of the characteristics of various diseases, which
can be served as an important indicator to demonstrate the
progression of diseases [67,68]. Currently, several powerful
techniques have been developed to achieve the detection of
hypoxic region, such as immunostaining positron emission
tomography (PET), magnetic resonance imaging (MRI), phospho-
rescence, and fluorescence imaging. However, phosphorescence
imaging and immunostaining require long time and harsh
conditions. Fluorescence imaging with high sensitivity and
selectivity usually suffers from the interference of environmental
conditions. SERS becomes a new choice to develop powerful tools
for hypoxic imaging due to low autofluorescence, resistance to
photobleaching, low phototoxicity, and excellent multiple detec-
tion capability. To overcome these limitations, a ratiometric SERS
nanoprobe based on azo-alkynes as Raman reporters was
constructed for imaging living cells and tissues under hypoxic
conditions in cellular silent region, which comprised Ag/Au alloy
nanoparticles and single-walled carbon nanotube (SWCNT/Ag/
AuNPs) (Fig. 4c) [69]. The Ag/Au alloy produced high SERS
enhancement, low cytotoxicity and excellent chemical stability.
The SWCNT provided sharp scattering peaks at their 2D-band
(�2578 cm�1), while the Raman reporter exhibited typical peak
(2207 cm�1). Under hypoxic condition, the Raman reporter
molecules were reduced by reductases and left from the SERS
probes, inducing the decrease of alkyne Raman intensity at
2207 cm�1. The ratiometric detection of hypoxia level could be
achieved via the ratio of two peak intensities (I2578/I2207) in HepG2
and HeLa living cells and rat liver tissue, indicating the ratiometric
SERS probe may be powerful tool in the hypoxia research and
clinical applications.

Raman microscopy as a noninvasive detection technology is
widely applied in the field of biomedicine. In the absence of
markers, the distribution of visualmolecules can be observedusing
Ramanmicroscopy [70]. Visualizing uptake of drugs plays key vital
role for drug development and pharmaceutical science. However,
the Raman peaks of interest drug molecules are interfered by
numerous endogenous molecules, exhibiting strong Raman peaks.
To differentiate the specific Raman signals from the background
signals, alkyne moiety as powerful Raman-tag has been proposed
and applied in the biomedical research. Combining the high
sensitivity of SERS detection, an alkyne-based SERS three-
dimensional (3D) imaging method was proposed to real-time
monitor the drug uptake and track the drug distribution with high
temporal resolution in live cells (Fig. 4d) [71,72]. The alkyne-
tagged acyloxymethyl ketone type inhibitor (Alt-AOMK), was
selected as small-molecule drugmodel. AuNPswere incubated and
entered into lysosomes of living cells through endocytosis to
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reflect the arrival of alkyne-tagged drugs. The enhanced Raman
signal of alkyne could be obtained due to the high affinity of
terminal alkynes to the surface of AuNPs when alkyne-tagged
drugs were colocalized with the AuNPs. Upon utilizing time-lapse
3D SERS imaging, the drug uptake by live cells could be
investigated in different chemical conditions and biological
models such as H9c2 cells, NIH-3T3 and MCF-7 cells. Furthermore,
the quantitative analysis was performed using dital SERS counting
to statistically visualize the relative change of drug concentrations
and the dynamic process of drug uptake. The combined strategy
between alkyne-tag and SERS technique has a great potential to be
potential bioorthogonal imaging to real-time visualize the drug
uptake in live cells for pharmaceutical research.

3.5. pH

Normal physiological functions require pH homeostasis,
whether in the cell (pHi) or outside the cell (pHe), which plays
important roles in many physiological processes including protein
synthesis, physiological function regulation and cell communica-
tions [73]. However, the imbalance of pH may also lead to disease
and cancer. At present, small molecule probes for detecting pHi are
commonly used and effective tools in chemical biology, helping to
study the important role of pH in cell functions and diseases.
However, fluorescent probes still have shortcomings when
detecting pHi. To overcome these limitations, a series of low
molecular weight (< 260) detection strategies for oligoyne
compounds were developed, and the ratio pHi was determined
by Raman microscopy [74]. Since these compounds exhibited
Raman spectroscopy that ere sensitive to pH, the pKa (H) values of
these compounds were adjusted to achieve physiologically
relevant pH sensitivity for monitoring pH changes. The intracellu-
lar pH sensitivity test proved that compound 13 could be applied to
detect the pHi in PC3 cells proportionally and monitor the pHi

changes of steady-state inhibitors. This alkyne tag Raman imaging
(ATRI) accurately determines pH through Raman microscopy, and
its unique properties make it a new strategy complementary to
fluorescent probes.

Intracellular pH is closely related to various physiological
processes. Abnormal pH in cells can lead to abnormal organelles
and cell functions, which may lead to diseases and cancer.
Current methods for measuring pH changes include micro-
electrodes, nuclear magnetic resonance, UV–vis absorption
spectroscopy, fluorescence spectroscopy, and SERS spectroscopy.
SERS technology has been widely applied to the field of
biomedicine to detect intracellular biomarkers. However, SERS
technology still has some limitations. For example, intracellular
substances may interfere with the SERS probe, leading to
inaccurate measurement results, and the complex cytoplasmic
environment greatly weakens the colloidal stability of the SERS
probe. In order to overcome these limitations, a SERS probe based
on Prussian blue (PB) pH response was designed and synthesized
to quantify dynamic pH changes in living cells (Fig. 4e). The pH
responsive Raman reporter (4-MPY) was directly anchored on the
AuNP surface [75,76]. The PB shell acted as a protective layer to
directly wrap the SERS probe. The PB shell with sub-nanometer
scale porous structure allowed the entry of only small biological
molecules rather than biological macromolecules by reacting
with the SERS probe. The nitrile (C�N) in PB was used as a
reference in the Raman-silent region and compared with the
Raman signal that varies with the pH concentration. By
monitoring the dynamic pH changes during autophagy, it was
proved that the SERS probe could reliably quantify subtle pH
changes in living cells. This highly reliable and accurate SERS
probe might also be suitable for understanding the relationship
between normal cell physiological processes and pH.
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4. Phototherapy

In recent decades, a large number of treatment strategies have
been developed and utilized as effective treatment tools to
improve the treatment effect, including photothermal therapy
(PTT), photodynamic therapy (PDT), gene therapy, chemotherapy,
and immunotherapy. Among them, PTT and PDT have attracted
increasing attention due to the high therapeutic efficiency, non-
invasiveness, excellent targeting, and minimal side effects [77].

PTT can convert near infrared (NIR) into heat, thereby
increasing the temperature of the tumor and effectively killing
cancer cells with minimal effect to healthy cells and tissues. SERS
imaging in the Raman silent region is combined with PTT to
perform highly sensitive SERS detection [78]. Furthermore, the NIR
laser can be converted to high temperature to kill cancer cells. And
the time and intensity of irradiation laser can be controlled
accurately and flexibly, photothermal ablation has outstanding
advantages in fixed-point operation, significant therapeutic effect,
specificity and safety [79]. Here, photosensitizers (PSs) absorb the
light energy and transfer excited electrons to produce radical anion
species or directly lead triplet oxygen to generate singlet oxygen,
which can kill cancer cells with noninvasiveness and high
selectivity.

Accurate diagnosis and effective therapy of breast cancer are
essential to improve the survival rate of patients. Conventional
cancer detection in clinical medicine still has limitations. For
example, X-ray computed tomography (CT) and magnetic reso-
nance imaging (MRI) have low sensitivity and low specificity, and
positron emission tomography (PET) combined with CT is
expensive and radioactive [80]. Therefore, the SERS diagnosis
and treatment platform was developed to achieve in situ
noninvasive cancer precise detection and treatment [81]. Herein,
a bioorthogonal SERS probewas prepared for precise diagnosis and
effective therapy of cancer (Fig. 5a). Designed and synthesized
lipoic acid conjugated bioorthogonal Raman reporters, and then
directly anchored on the surface of gold nanorods (AuNRs), AuNRs
showed enhanced Raman signal at 2205 cm�1. Two aptamers
(AS1411 or MUC1) were selected to anchor on the surface of AuNR
to specifically identify nuclelin and mucin-1 proteins overex-
pressed in cancer cells. Because AuNR has high photothermal
conversion efficiency, when SERS nanotags are intravenously
injected into mice, SERS nanotags can cause cancer cell poisoning.
Experimental studies in vitro and in vivo have proved that SERS
nanotags have a [37_TD$DIFF]99% inhibition rate of cancer after laser irradiation,

[(Fig._5)TD$FIG]

Fig. 5. (a) Fabrication of oligonucleotide modified bioorthogonal SERS nanotags. C
Scheme diagramof bacteria-induced gold nanoparticle aggregation for SERS imaging and
[82]. Copyright 2019, the Royal Society of Chemistry.
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and they have good biocompatibility. In this study, SERS nanotags
can be applied as a precise therapeutic diagnostic platform for
cancer diagnosis and photothermal therapy.

Recently, various functional materials have been developed as
photothermal transduction agents (PTAs) for efficient photo-
thermal therapy such as organic molecules, metal nanomaterials,
carbon-based nanomaterials, and conjugated polymers. Unfortu-
nately, many PTAs can directly convert the light energy into heat,
inducing the unavoidable thermal damage to the surrounding
heathy tissues [82]. Although several strategies have been
developed to reduce the damage to healthy tissues through
introduction of pathogen specific targeting groups including
antibodies, polymers, side effects cannot be completely prevented
[83,84]. There is an urgent need to developmore specific strategies
of PTAs to reduce the thermal damage to cells and improve the
therapy efficiency. To meet the urgent demand, Jiang [32_TD$DIFF]et al.
presented a new strategy based on bacteria-induced gold nano-
particles (AuNPs) in situ aggregation on the bacteria surface
through specific targeting of vancomycin and bioorthogonal
cycloaddition (Fig. 5b). The aggregated AuNPs not only provided
efficient SERS imaging of bacteria due to the ‘hot spot’ effect
located in adjacent AuNPs, but also exhibited excellent photo-
thermal conversion efficiency, allowing enhanced photothermal
killing bacteria. Fortunately, in the absence of bacteria, the AuNPs
could keep dispersible stably and display no damage to normal
tissues. This powerful strategy exhibited great potential for
photothermal elimination of bacteria integrating SERS imaging.

Imaging-guided phototherapy can evaluate the therapy out-
come as well as improve the therapy precision due to visualization
of transportation and distribution of the agents. Multimodal
imaging-guided phototherapy, such as SERS imaging andmagnetic
resonance imaging (MRI), provides great opportunities in cancer
diagnosis. Owing to their individual advantages, numerous efforts
have been devoted to fabricating the integrated platform of PTT
and PDT to realize better therapeutic outcomes [85]. Shen and co-
workers presented monodispersed Prussian blue-encapsulated
gold nanoparticles (Au@PB NPs) for both MRI and SERS imaging
due to the introduction coordination polymer containing cyanide
and iron ions [86,87]. PB can be easily assembled onto the surface
of AuNPs and utilized as source ofMRI and SERS.More importantly,
PB can efficiently the NIR light energy and be used as photosensi-
tizer for PTT and PDT simultaneously. In addition, to improve the
effective concentration of the therapy agent in cancer cells,
hyaluronic acid (HA) was selected as targeting moiety due to the
opied with permission [81]. Copyright 2020, American Chemical Society; (b)
enhanced photothermal ablation of Gram-positive bacteria. Copiedwith permission
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overexpression of HA specific receptors (e.g., CD44), which
exhibited more accumulation in cancer cells. The integration of
SERS/MR imaging-guided phototherapy by Au@PB@HA provides
excellent opportunity for diagnosis and therapy in cancer
treatment.

5. Conclusion and perspective

In the previous decade, many significant advances and
technique development have been obtained in the field of
bioorthogonal SERS imaging, which attracts much attention for
living-cell imaging and whole-tissue studies. The most attractive
feature is that the bioorthogonal Raman molecules can directly
label the targets as well as ignore the impact on normal
physiological activities, which makes the in situ and real-time
visualization possible. In contrast, the common fluorophore or
nanoparticle or enzyme is often too big in size to be metabolized,
and usually interferes the normal physiological functions and
processes, which limits their application in biological and
biomedical research. Since SERS technique exhibits high sensitivi-
ty,multiple-detection capability, and resistance to photobleaching,
the integration of SERS detection and bioorthogonal label will be
an excellent strategy for visualization of living cells and tissues,
even for the disease diagnosis.

It is worth noting that SERS stable labeling might alter the
normal chemical and physiological properties of the substrate,
even it has great potential in biomedicine, cell biology and
environmental microbiology. Thus, the application of this strategy
should be used with caution. Cell imaging can be expanded by
integrating the types of bioorthogonal SERS tags into biomolecules
through triple bond functional groups. This strategy not only has
the labeling ability that does not interfere with the chemical
properties of the substrate, but also has the properties of
multiplexing imaging beyond traditional fluorescence imaging,
which will make expected contribution for biological imaging.
Although further improvement is desired for this strategy, the
methodological development and biological and biomedical
application have already demonstrated the potential in future
research. We expect that bioorthogonal SERS imaging holds the
prospect to monitor the specific cellular functions as the
complement.
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