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Abstract

The sensing of bioactive molecules based on photochemical techniques has become one of the fastest-growing
scientific fields. Surface-enhanced Raman scattering (SERS) is a highly sensitive technique for the detection of low-
concentration molecules, including DNA, microRNA, proteins, blood, and bacteria; single-cell detection and
identification; bioimaging; and disease diagnosis, providing abundant structural information for biological analytes.
One rapidly developing field of SERS biosensor design is the use of carbon-based nanomaterials as substrate materials,
such as zero-dimensional carbon quantum dots, one-dimensional carbon nanotubes, two-dimensional graphene, and
graphene oxide (GO) and three-dimensional spatial carbon nanomaterials or carbon-based core-shell nanostructures.
In this review, we describe the recent developments in SERS biosensors, in particular carbon-based SERS, for the
detection of bioactive molecules. We systematically survey recent developments in carbon nanomaterial-based SERS
biosensors, focusing on fundamental principles for carbon-based materials for SERS biosensor design, fabrication, and
operation, and provide insights into their rapidly growing future potential in the fields of biomedical and biological
engineering, in situ analysis, quantitative analysis, and flexible photoelectric functional materials. As such, this review
can play the role of a roadmap to guide researchers toward concepts that can be used in the design of next-
generation SERS biosensors while also highlighting current advancements in this field.

Introduction
The development of ultrasensitive biosensors with

technology is associated with the characteristics of a simple
sample pretreatment process, high stability during treat-

femto-, pico-, and nano-sensitivity is of great significance
not only in medical diagnostics, such as cancer biomarker
identification for early diagnosis of disease, biomedical
monitoring, and therapy, but also in biomolecular imaging
and analytical chemistry sensing. Therefore, great research
effort has been focused on designing biosensors with
diverse analytical technologies, such as electrochemistry
techniques'~*, chemiluminescence immunoassay”~°, chro-
matography techniques'®™'? or a combination of these
techniques'®'®. The gold standard in bioanalysis
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ment, label-free and rapid detection, and so on, which
should be considered when designing efficient and quick
technical means suitable for complex biological environ-
ment systems. Among the different sensing techniques,
Raman spectroscopy enables rapid, precise in situ mole-
cular identification with the extremely low Raman activity
of water molecules, yet the limitation is the rather weak
Raman signal caused by the small cross-section of com-
monly detected molecules. Fortunately, surface-enhanced
Raman scattering (SERS)' is capable of detecting mole-
cules even at the single-molecule scale on or near the
surface of plasma nanostructures, which greatly expands
the application scope of standard Raman spectroscopy'® >
In addition, the plasma biosensor allows ease-of-use, fast
testing (within 5-15 min) with superior sensitivity and
multiple capabilities®>. To use SERS to detect single cells
stably and reliably in practical applications, it is necessary
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Fig. 1 Schematic illustration of the main content of carbon-based nanomaterials as SERS biosensors with two main enhancement mechanisms in
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to control the stability of nanostructures and plasma
effects around hot spots to limit the fluctuation in SERS
signals. This requires us to better understand the origin of
highly enhanced single-cell signals. As a powerful analysis
technique, SERS technology depends largely on the sub-
strate materials, ranging from traditional noble metals to
semiconductor nanomaterials or novel nanocomposite
materials. SERS-based signal detection and molecular
recognition will provide unprecedented opportunities for
research in biomedicine, life sciences, analytical chem-
istry, and other fields**~*. It is worth noting that with the
isolation of carbon nanotubes (CNTs) in 1991 and gra-
phene in 2004%"7%°, the number of articles published in
the field of analytical sensors based on carbon-based SERS
nanomaterials has increased rapidly®>’~°. However, a
definitive discussion that focuses on various carbon
nanomaterials in the important field of SERS biosensing
has not been presented. Here, we provide a comprehen-
sive overview of the basic principles of the design, man-
ufacture, and operation mechanism of carbon-based
materials for SERS biosensors, and we summarize their
rapid growth in the fields of biomedicine, bioengineering,
and flexible photoelectric functional materials to provide
insights into the future potential of carbon-based SERS

biosensors (Fig. 1). This review starts with a brief intro-
duction to the carbon nanomaterial structure and prop-
erties of and recent progress in each carbon-based SERS
nanomaterial, followed by various surface functionaliza-
tion procedures and design principles considering the
availability, sensitivity, and biocompatibility of carbon-
based SERS biosensors. Finally, we describe the key
challenges and opportunities in future carbon-based SERS
biosensor research.

Carbon-based SERS-active materials

Since the discovery of fullerene by Sir H. Kroto et al. in
1985 as the first member of the carbon nanomaterial
family®’, this class of low-dimensional nanomaterials has
aroused great interest in the past 30 years. Carbon
nanomaterials®®*°, which mainly include fullerene, CNTs,
graphene, carbon dots (CDs), and nanodiamonds, have
received much attention®®*'. The first three kinds of
carbon nanomaterials mainly consist of sp> carbon atoms
as a seamless network of conjugated m electrons, while
CDs possess sp> and sp> carbon atoms mixed with defects
and heteroatoms, and nanodiamonds mainly consist of
sp> carbon atoms. In the past decade, carbon nanoma-
terials have experienced a burst of activity in biological
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medical research as effective biosensors, which have the

advantages of small size, unique optical properties, and
42-45

large surface area .

Zero-dimensional (0D) carbon nanomaterials: CDs

CDs, a new type of fluorescent nanomaterial, which are
also known as carbon quantum dots (CQDs), carbon
nanodots, or graphene QDs (GQDs), usually refer to
carbonaceous, graphitic nanoparticles (NPs) with parti-
cle sizes <10 nm*****’, From the perspective of a che-
mical structure and physical properties, QDs are similar
to graphene oxide (GO), and the difference between
them mainly comes from the size difference. In addition,
it is also observed that the fluorescence of CDs is related
to the excitation, and with an increase in the excitation
wavelength, the peak emission wavelength of CDs can be
adjusted over the whole visible window range of
400-750 nm***°, Consequently, they have good poten-
tial in fluorescence imaging, in inorganic ion detection,
and as photon trapping materials because of their high
light emission, low toxicity, and stable fluorescence
emission®*">%, Optical coding of fluorescent NPs has
shown wide application prospects in molecular biology,
cell biology, cell imaging, medical diagnosis, high-
throughput drug screening, combinatorial chemical
synthesis, and so on>>. To improve the sensitivity and
convenience of analysis, a bifunctional point that com-
bines SERS and fluorescent components for a variety of
analyses has been developed®*~>°. Although SERS has
excellent multidetection ability, its slow imaging speed is
the main obstacle to the fast recognition of specific
markers. Consequently, fluorescence-SERS (F-SERS) has
been developed as a new kind of dual-modal nanoprobe
to address this problem with faster and more intuitive
fluorescence imaging speed and better efficiency than
SERS imaging. F-SERS is used as a direct indicator in
molecular recognition, and SERS signals are then used as
characteristics of specific molecules in multiple interac-
tion applications. Tian’s group conjugated fluorescent
molecules, such as fluorescein isothiocyanate, to labeled
organosilicon shells by simple mixing. In another
approach, electrostatic forces help layer-by-layer
deposition for fluorescent decoration via interaction
with the metal nanosubstrates and QDs attached by the
reporter”’. As depicted in Fig. 2a, c, F-SERS tags com-
bined with a spectral encoding method as a new optical
encoding approach were demonstrated by using organic-
metal-QD hybrid NPs termed OMQ NPs with a nano-
layered structure (Fig. 2b), which made it more feasible
to implement very large coding in practical applications
through two distinct characteristics compared with a
single encoding protocol based on fluorescence or SERS
(Fig. 2d). This approach employs SERS and fluorescence
spectra as encoding elements instead of individual
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optical signals, thus broadening the spectral range and
improving the encoding efficiency. Another method is to
assemble the SERS reporter and fluorescent reagent on
different layers of OMQ NPs>®,

Compared to the above tags, especially QD tags, SERS
tags have two main advantages. One is that they are highly
sensitive to fluorescence, sometimes exceeding 2 or 3
orders of magnitude for biological samples. The second
advantage is due to the multiple detection ability of nar-
rowband spectra. In the past few years, a few classes of
GQD- or CQD-based nanocomposites as effective SERS
biosensors have been fabricated, which are summarized in
Table 1. CQDs, as a useful analytical and sensing plat-
form, have attracted wide attention due to their wide
color range, high fluorescence brightness, good stability,
biocompatibility, low cytotoxicity, inexpensive and easily
available reagents, and simple synthesis methods™. The
combination of CQDs with plasma metal NPs, such as
Ag-(PS-PSS)/C-dot nanocuboids (NBs), C-dot-Ag-NP-
PDMS, and Ag/PATP@SiO,/CND NPs, is widely used in
the fields of photonic and SERS biosensing. Due to the
quantum confinement and edge effect in graphene
structures <100 nm in size, GQDs have unique photo-
electric properties different from those of large graphene.
Theoretical calculations show that the surface plasmon
frequencies of GQDs are similar to those of metal NPs,
but graphene sheets do not have these frequencies. In
other words, GQDs can be applied as SERS substrates
through electromagnetic enhancement (EM)*°~%, How-
ever, GQDs with quantum confinement properties are
prone to fluorescence®®®*, The photoinduced charge-
transfer effect has been studied extensively in many sci-
entific fields for its importance in understanding the
photophysical and photochemical properties of excited
states in organic molecules. It can be produced by rapid
delocalization of charges generated on donors and
receptors (not limited to molecules)®®. In the field of
SERS, light-induced charge transfer is an important
mechanism between molecules and substrates that can
enhance Raman signals®~®°. This is the key factor in
making QDs suitable SERS substrates. However, the
Fermi level of QDs (in a vacuum) is ~4.2—4.4 eV, and the
gap is ~0.4 eV. This also limits the application of QDs in
SERS technology. The methods of adjusting energy levels
and energy gaps are mainly focused on heteroatom dop-
ing or self-assembly’®"% For example, Mn3zO, is a
potentially suitable additive for facilitating the charge-
transfer process in SERS systems73’76. Mn30, exhibits
absorption in the ultraviolet and visible regions of
220-730 nm due to the combined effect of charge transfer
from O, to Mn ions and the crystal field d to d transi-
tion’”; consequently, it has aroused the interest of
researchers as a SERS sensor (Table 1). GQD-Mn30,
nanocomposites were prepared by cutting multiwalled
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Fig. 2 Typical F-SERS tags with different optical encoding methods. a Schematic illustration of the preparation of organic-metal-QD hybrid
nanoparticles (OMQ NPs). b TEM images of Au NRs (A), Au@Ag NRs (B), and OMQ NPs (C), and HRTEM image of CdTe QDs adsorbed on the surface of
an OMQ NP (D). The white circle indicates a single CdTe QD. ¢ Schematic illustration of the multianalyte immunoassay based on synthesized
encoding carriers using the sandwich structure concept. d Fluorescence images and SERS results of four sandwich assays, which were pipetted with
goat-antibovine IgG-modified 0101 code (top-left), goat-anti-human IgG-modified 1010 code (top-right), goat-anti-mouse IgG-modified 0110 code
(bottom-left), and goat-anti-rat IgG-modified 1001 code (bottom-right)®’. Copyright© 2012, American Chemical Society.
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Table 1 Recent high-performance reports utilizing QD-based SERS sensors of various biomolecule platforms.
SERS substrate Biodetection samples Detection limit Refs.
GBP-G2-supplemented CFP-10 antigen 0.0511 pg/mL %8
Fe;04@PEI-AuNPs and G3-modified GQDs
GQD-Mn30,4 nanocomposite HepG-2 cell line NA 2
Hela cell line
7702 cell line
AgNP@N-GQD Glucose in aqueous solutions, 0.022 uM; 2.1+ 04 mM 236
in mouse blood
Ag-(PS-PSS)/C-dot NBs Coumarins 107"°M 37
C-dot-Ag-NP-PDMS P. aeruginosa. 10" cells/mL 9

Ag/PATP@SIO,/CND nanoparticles

Goat-anti-mouse 1gG

0.1 pug/mL 28

NA not applicable.

CNTs (MWCNTs) into GQDs, further binding them with
manganese ions, and employing a 0D-3D self-assembly
process. Here, Mn;0O, is used not only for assembly with
GQDs but also for quenching the fluorescence of the
GQDs efficiently and suppressing the Raman spectral
fluorescence background. Consequently, the prepared
GQD-Mn30, nanocomposites have good biocompat-
ibility and can be used to discriminate cancer cells from
normal cells (HeLa, HepG-2, and 7702 cell lines) by SERS
for potential diagnostic value.

One-dimensional (1D) carbon nanomaterials: CNTs

Since the first discovery of CNTs by S. lijima in 19917%,
extensive research has been carried out on these 1D
carbon materials. CNTs can be thought of as graphene
sheets rolled up in different ways, forming dense vertically
oriented graphite arrays (“walls”) separated by hundreds
of nanometer spacers. The calculation of the band
structure shows that CNTs are metal compounds, zero-
gap semiconductors, or semiconductors. Usually, they are
divided into metal and semiconductor tubes’*~®'. There-
fore, CNTs exhibit different electronic properties, and
their incorporation into electronic devices is rather pro-
mising. Raman spectroscopic techniques as well as high-
resolution transmission electron microscopy have been
the most important tools for observation of CNTs and can
be used to distinguish single-walled nanotubes (SWNTSs)
from multiwalled nanotubes by different parameters of
the average tube diameter or Raman spectra®’. On the one
hand, CNTs have a high surface area of 1000 m*/g due to
the nanostructures on their surface®®; on the other hand,
the high specific surface area provides many binding sites
with gold (Au) or other NPs to obtain a uniform and
dense distribution of hot spots over the entire substrate
surface®®. Furthermore, CNTs seem to be biocompatible,
which is essential for good SERS sensing of biological
objects®®. All these properties are vital for effective SERS

biosensor substrates with a high average enhancement
effect. CNTs have no metallic impurities, and direct
immobilization of biomolecules (proteins) onto CNTs has
been proven unstable. The 1D characteristic of CNTs
makes it difficult to controllably assemble and integrate
electronic structures into them. Single-walled CNT's
(SWCNTs) exhibit strong resonance Raman scattering
due to their 1D nature and the electron transition
between Van Hove singularities®**®, The large Raman
scattering cross-section of SWCNTs makes them a pro-
mising Raman label and probe for in vitro and in vivo
biomedical imaging®’~'. These features make CNTs one
candidate for SERS biosensors but to some extent limit
the applications of CNTs. Consequently, the integration
of 1D CNTs with noble metal nanomaterials in complex
SERS sensors or other devices has achieved great progress
through conventional microfabrication approaches.
Recently, various CNT materials have been used for SERS
measurements by a few research groups. The Tsvetkov
group’” applied CNT-silver (Ag) NPs as SERS substrates
prepared by an electrochemical deposition strategy and
obtained an enhancement factor (EF) of 50-2500. The
morphology of CNTs coated with solid Ag film promotes
strong inhomogeneous localization of the light radiation
incident on the substrate, and the formation of a large
number of hot spots enhances the Raman signal by up to
5 x 10*, The excellent performance of CNT-Ag shows wide
potential for highly sensitive SERS molecular diagnosis.
To meet the increasing demands for applications of
DNA recognition, biocompatibility systems, and energy
conversion/storage devices, efforts have been made to
improve the reproducibility and sensitivity of carbon-
based materials. For SWCNTs, one important method is
to hybridize SWCNTs with other nanostructures (such as
graphene, fullerene, and QDs) to achieve multifunctional
heterostructures. However, most of the methods are
implemented with randomly arranged SWCNTSs, which
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conforms to neither the bottom-up principle of molecular
electronics nor the expected versatility. To date, using
self-assembly or possibly directional assembly to achieve
controllable positioning and bonding of SWCNTs is still a
huge challenge. Based on the unique carbon chemical
characteristics of SWCNTs, a novel method for covalently
linking SWCNTSs to GNP surfaces was designed by Liu
et al.”® (Fig. 3a, b). The product, a GNP-CNT hetero-
structure, has an abundant carbon-based surface area and
shows great potential in plasma sensing and imaging
applications. In addition, laser-induced plasmon reso-
nance of nanostructures exhibits a remarkable local field
enhancement effect, which is widely used to increase the
incidence of light in optical processes and realize wide
applications ranging from high-sensitivity sensing to high-
resolution imaging. As depicted in Fig. 3c, d, a Raman-
based temperature measurement method was demon-
strated for detection. A quantitative study of thermal
properties is the basis of exploring and utilizing local
thermal effects®®. In this study, AuNP arrays that can
generate plasma effects were fabricated by dispersing
MWCNTs on AuNP arrays. The local temperature and
thermal transport properties of CNT's heated by plasmons
were studied by surface-enhanced Raman thermometry.
This kind of plasma heating effect by suppressing plas-
mon oscillation is expected to be used in many sensing
applications. As shown in Fig. 3e, f, SWCNT metal
nanocomposites were synthesized by in situ DNA-
templated Ag NP (AgNP) synthesis and the gold layer
growth method for the first time®. The design and
implementation are a new kind of biofunctionalization
method that covalently anchors SWCNTs on the surface
of GNPs and forms a unique nanocomposite structure,
namely, GNP-CNT, whose surface functional sites
increase effectively. The unique biotin—streptavidin-based
conjugation chemistry not only endows heterostructure
products with high-performance fluorescence properties
but also enables them to have surface plasmon properties
for SERS chemical sensors.

Two-dimensional (2D) carbon nanomaterials:
graphene-enhanced Raman scattering (GERS)
Recently, graphene and other 2D materials were devel-
oped for use as Raman enhancement substrates, which is
related to their unique single sheet of carbon atoms in a
2D honeycomb crystal structure of electrons and phonons
with one 2p, orbital of each sp” hybridized carbon atom
constituting a large delocalized 1 bond, forming an ideal
flat surface and strong chemical interaction with many
organic molecules®®®”. Consequently, graphene makes it
possible to study the chemical enhancement mechanism
(CM) independently as a SERS platform. Graphene can
enhance Raman signals of adsorbed molecules, and these
substrates have been proven to be promising materials for

Page 6 of 36

the detection of micro- or trace species. This effect,
known as GERS, was first discovered by Ling et al. in
2010°® (Fig. 4a, b). When graphene is treated with organic
solvents, many “emerging bands” appear on mechanically
exfoliated graphene, which are distributed among
unknown organic compounds contained in the transpar-
ent tape used for graphene exfoliation®”. However, no
clear Raman signal was found in the residual region on
the SiO,/Si substrate. Therefore, it is presumed that
graphene has a Raman enhancement effect on trace
residues. Considering some important advantages of the
graphene matrix, such as uniformity, reproducibility,
cleanliness, and low detection limit for aromatherapy
dyes, GERS is suitable for both basic studies of SERS
effects and many practical areas. The introduction of
graphene extends SERS applications of Raman-enhanced
substrates in a more controllable and quantitative way.
GERS substrates, as a special kind of SERS substrate,
have some unique characteristics compared with tradi-
tional SERS substrates. The factors studied in GERS sys-
tems can be divided into three categories: molecule,
graphene, and excitation laser energy'®’. Factors related
to graphene include the graphene thickness or layer
number (or first-layer effect)'®, the graphene Fermi
level'*?, the molecular selectivity'®, and graphene deri-
vatives'®*. In addition, the dependence of the GERS effect
on the laser wavelength and polarization is also con-
sidered. For molecular selectivity, a schematic illustration
of the molecular selectivity in GERS with different types of
molecules M1, M2, M3, and M4 is shown in Fig. 4d.
According to the two main characteristics of molecules,
namely, the molecular energy level and molecular struc-
ture, the selection rules are discussed. In particular, EFs
involving molecular energy levels require the energies of
the highest occupied molecular orbital and the lowest
unoccupied molecular orbital to be within an appropriate
range relative to the Fermi level of graphene, and this
enhancement effect can be explained. The EFs of mole-
cular structure selection show that the molecular sym-
metry and substituents similar to the graphene structure
are beneficial to the enhancement of GERS. The validity
of these factors can be explained by group theory and the
charge-transfer interaction between molecules and gra-
phene. These results are of great significance for under-
standing the interaction between graphene and molecules
and the chemical mechanism of Raman enhancement.
These factors give GERS substrates many advantages,
such as high sensitivity, stabilization, and uniformity of
molecules on graphene, molecular selectivity, graphene
Fermi-level dependence, and fluorescence quenching
effects”®'°%1% For fluorescent dyes adsorbed on gra-
phene (e.g., rhodamine 6G (R6G)), 2D carbon atoms and
sp” aromatic molecules form a system with a — inter-
action (Fig. 4c). Only one strong fluorescent background
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has been observed. Because of the strong shot noise
emitted by fluorescence, the intensity of the Raman peak
should be higher than the detection limit in this system.
Successful observation of resonance Raman spectroscopy
shows that graphene can be used as a substrate to inhibit

fluorescence in resonance Raman spectroscopy of fluor-
escent molecules and has potential application value in
low-concentration detection and resonance Raman spec-
troscopy of fluorescent molecules. Xie et al.'% also
revealed that the fluorescence quenching effect for the
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smallest R6G adsorbed on graphene is on the order of 10°.
GERS substrates provide a direct and effective method to
measure the Raman scattering spectra of fluorescent dyes
under resonance excitation, which are usually difficult to
obtain. In terms of application, the ability of graphene is
expected to have great application prospects in the pro-
cess monitoring of chemical and biological systems.
Although the validity of graphene as a sole SERS substrate
has been confirmed, the limitations of its enhancement
effect cannot be ignored. Therefore, in practical applica-
tions, graphene-based noble metal composites have
attracted great interest from researchers for related
materials and mechanisms due to their high sensitivity.
Because the different preparation methods of graphene
have difficulty tuning the SERS enhancement effect pro-
duced by chemical enhancement and plasma enhance-
ment, the effective utilization of SERS is hindered. In our
previous work, effective methods of adjusting the EM and
CM effects of graphene-based Au hybrids were developed
(Fig. 4e€)'"’. First, the oxygen-containing groups on the
surface of graphene grown by chemical vapor deposition
(CVD) play an important role in the in situ nucleation of
Au. The EFs are tunable, which is due to the plasma
coupling effect between near AuNPs. Second, GO/Au and
reduced GO (rGO)/Au hybrids were grown by in situ
crystallization of chemically exfoliated monolayer GO.
The SERS performance of CVD-G/Au, rGO/Au, and GO/
Au shows an increasing trend of EFs, and the observed
EFs depend significantly on the degree of chemical bonds
on the surface of graphene, indicating that the chemical
groups in graphene-based Au hybrids can stably control
the chemical enhancement. This indicates that the che-
mical reinforcement can be controlled by the chemical
group stability in graphene-based Au hybrid systems.
Most noteworthy is that the optimized GO/Au can detect
adenine biomolecules with high sensitivity and a detection
limit of 107 M with good reproducibility and uniformity.
This study has important guiding significance for under-
standing the reinforcement mechanism of composite
systems and further expanding the application of
graphene-based SERS sensors.

GERS biosensors

Graphene is the basic component of 0D fullerenes, 1D
CNTs, and 3D graphite. Graphene has attracted great
interest from scientists because of its unique planar
structure and novel electronic and optical properties.
Graphene as a SERS substrate could be used to investigate
the CM independently, and the complex mechanism was
deeply explored. In addition, graphene overcomes some
limitations of typical SERS substrates and widens their
applications in many fields. Especially for bioapplication,
graphene with proper modification could exhibit
improved biocompatibility and reduced cytotoxicity for
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diagnosis, elevating the effects in drug delivery, bioima-
ging, photothermal therapy, and chemotherapy. Due to
the limitation of the CM enhancement capability,
graphene-only SERS substrates were mainly employed to
study the interaction between graphene and molecules to
further understand the CM effect of GERS, and quanti-
tative analysis was also achieved in some cases. Liu
et al.'® discovered that the pH influences the SERS
intensities of some aromatic molecules on GO, and this is
probably due to the different enrichment capacities of GO
for these aromatic molecules at different pH values. In
addition, the results also indicated that the GO-mediated
SERS is associated with charge-type selectivity according
to the electrostatic interaction. The exploration of the
enhancement mechanism of graphene and improvement
of the SERS performance of graphene-only substrates is
only in its infancy, and much work needs to be done in the
application fields of biosensors.

The synergistic effect of graphene and plasma nano-
materials greatly improves the sensitivity, and the che-
mical inertia and gas barrier ability of graphene endow the
substrates with long-term stability. Compared with either
material alone, graphene-based nanomaterials as SERS
biosensors provide many unique physicochemical prop-
erties and biological applications that are ideal and
obviously advantageous'*”''°. AuNP-graphene nanoma-
terials have become one of the most popular subjects
among noble-based graphene SERS substrates and
demonstrate remarkable surface chemical properties, high
chemical stability, excellent catalytic activity, biocompat-
ibility, and other notable properties''®. Thus, AuNPs have
become an ideal component for in situ detection of glu-
cose, DNA, enzymes, and proteins; rapid identification of
microorganisms; and differentiation of cancer markers
from healthy individuals for prevention of major dis-
eases''112, On the other hand, graphene or GO has a
GERS effect with larger Raman signals through the CM
independent of noble metal NPs. The integrated
graphene-metal hybrid enhancement effect is mainly the
sum of the EM based on the local electromagnetic field
and GO-based chemical mechanism of charge transfer
and chemical bonding with biological molecules''?. These
excellent properties make graphene-Au nanocomposites
an ideal substrate for SERS biosensor measurements.

A few examples of GERS biosensor platforms are
summarized in Table 2. Several alternative graphene-
based plasma hydride materials beyond single coinage
metals have been developed, including rGO film, GO,
graphene, popcorn-shaped GO, CVD-G film, graphene
templates, PEGylated nanosized graphene, and porous
graphene with compositions including noble metals such
as Au and Ag or Raman-active semiconductors such as
Cu,0 or even Fe;O4 NPs. The effect of Fe3O,4 nanocrys-
tals on peroxidase activity was systematically studied.



Liang et al. NPG Asia Materials (2021) 13:8

Page 10 of 36

Table 2 Recent high-performance reports utilizing GERS biosensors of various biomolecule platforms.

SERS substrate Biodetection samples EF Detection limit Refs.

rGO film/AuNP 4-ATP, 2-TU 56x10° 0.1 uM 4-ATP), 1uM 2-TU) 2%

G/Au nanopyramid Dopamine and serotonin 10'° 107'°Mm 240

GO/AUNP Adenine 12x107  107'M 17

Popcorn-shaped GO/AuNP HIV DNA, Staphylococcus aureus NA 10 CFU/m 241

CVD-G film/AuNP Multiplex DNA NA 10 pM 242

G templates/Au nanohexagons Cancer stem cells NA 100 pg/L 243

GO/PVP/intracellularly grown gold nanoparticles Mammalian cells: A549, 4T1, and Hela cells NA NA 244

(IGAUNS)

PEGylated nanosized graphene/AuNP Immunoglobulin G 134x10"" 31fM 2

Clusters (PNG-AuNPCs)

Au clusters@Rubpy/GO Ablated S. aureus and NA NA 163
E. coli bacteria, photothermal treatment

GO-Au@polyaniline (PANI) 4T1 tumor cell imaging and drug NA NA 26
delivery of DOX

3D porous graphene (GN)/Fe;0,4 NPs Glucose NA 0.8 uMm 14

rGO/AgNPs E. coli, Staphylococcus aureus NA 10° CFU/cm? 27

Ag-Cu,O/reduced graphene oxide (rGO) Glucose NA 1078M 190

EF enhancement factor, 2-TU 2-thiouracil, NA not applicable.

It was found that various iron-based nanocrystals have
peroxidase-like catalytic activity and can be used for
peroxidase-like catalytic reactions and in situ monitoring
with glucose biosensors''*''®>. For GERS, primitive gra-
phene can be noncovalently functionalized by strong n—mn
interactions between its surface and an immobilized host.
In addition, GO or rGO provides additional covalent
functionalization options due to the multiple oxygen-
containing functional groups. To overcome the above
problems related to small molecular surfactants, poly-
ethylene glycol (PEG) was used as a surface coating agent
to solubilize graphene or GO, and the end groups avail-
able at the end were used to give further surface func-
tionalization ability. The PEG chain includes -NH,
(polyaniline) and -COOH groups. Biosensing ranges
include biomolecules such as 4-ATP, 2-thiouracil, dopa-
mine, adenine, and glucose; proteins such as HIV DNA,
multiplex DNA, and immunoglobulin G; cells such as
cancer stem cells, 4T1 tumor cells, and mammalian cells:
A549, 4T1, and HeLa cells; and bacteria such as ablated
Staphylococcus aureus and Escherichia coli or diagnosis of
DNA damage, such as hereditary diseases, physiological
disorders, and cancer cells. Herein, graphene or its deri-
vatives play multifunctional roles: (I) as a 2D scaffold to
fix interfacial assembled NPs; (II) as a nanospacer to
generate SERS-active nanogaps between two layers of NP
arrays; (III) as a collector to concentrate molecules of
interest via —Tt interactions; (IV) as CM sources as SERS

platforms; and (V) as a fluorescence quenching platform
in biosensing systems. In addition, graphene could be
employed as a reusable substrate since there is no specific
chemical interaction between single-layer graphene and
the target DNA or biomolecules. Graphene has overcome
some limitations of SERS substrates because it endows
SERS substrates with better stability, sensitivity, repro-
ducibility, and biocompatibility. However, a linear corre-
lation between the Raman peak intensity and the
biodetection sample concentration or logarithm of the
concentration is difficult to achieve or is only achieved in
a narrow range, which greatly limits its application.

Three-dimensional (3D) carbon nanomaterials and
carbon-based shell-isolated NP-enhanced Raman
spectroscopy (SHINERS)
3D graphene/CNT composites

Compared with 2D nanostructures, 3D structures can
provide more “hot spots.” These hot spots provide enor-
mous enhancement and a larger specific surface area than
2D substrates for adsorbing probe molecules, so 3D
nanostructures are far superior to 2D substrates''®"”.
Graphene-based 3D spatial SERS structures include dif-
ferent types of metal NPs decorating nanoporous struc-
tures, different layer coupling spatial sandwich structures
between graphene and noble metal NPs, and so on. Zhang
et al''® obtained a SERS-active substrate in a new
dimension that was based on GO-embedded Au@Ag-NP
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sandwich nanostructures (Au@Ag-NPs/GO/Au@Ag-
NPs) and achieved higher sensitivity (for R6G with an
enhancement factor of 7.0 x 107), reproducibility, and
reliability of the Raman readout due to abundant hot
spots on the surfaces and the distinctive edifice of the GO
sheets. Leem et al.'' synthesized a 3D crumpled
graphene—AuNP hybrid structure, which was formed by
depositing Au films onto graphene grown on a Cu foil and
then dewetting the Au films by heat treatment to form
AuNPs. After that, the hybrid structure was transferred to
a polystyrene substrate, and finally, 3D crumpled
graphene—AuNP hybrid structures were obtained as the
PS substrate shrunk when the temperature rose above its
glass transition temperature. The substrate exhibits >10-
fold higher SERS sensitivity than flat graphene—AuNPs.
This simple, rapid, and ultrasensitive Raman detection
method has shown great potential in the fields of food/
environmental safety monitoring and spectral identifica-
tion of trace pesticides or biological molecules in in vivo
systems. Kim et al.'*® began using SERS 3D GO-
encapsulated AuNPs to monitor in situ the undiffer-
entiated or differentiated status or differentiation level of
neural stem cells. The number of C=C bonds is positively
correlated with the Raman signal strength at 1656 cm™ .
In fact, the membranes of undifferentiated cell lines
contain polyunsaturated fatty acids, and the C=C bond of
undifferentiated cell lines is more abundant than that of
normal/differentiated cells, which is the principle of using
SERS to differentiate cells.

Plasma core-shell nanostructures

Tian and co-workers'*' first provided a SHINERS mode
that can prevent the SERS substrate from contacting the
detection object. Graphene can offer special advantages as
an NP isolating material. This kind of core-shell plasma
nanostructure can provide a more realistic SERS signal
than bare metal NPs'?2. As shown in Fig. 5, combined
graphene and AuNPs can also be fabricated as shell-
isolated NPs called graphene-isolated AuNPs (GIAN).
GIAN can be obtained by hydrophobic interactions or IT
bonding'**'**, GIAN provide strong D and G vibrational
mode SERS signals at ~1325 and 1595 cm ', Either of
these bands can be used for Raman imaging. In addition,
GIAN are biocompatible. Due to the biocompatibility of
gold NPs, GIAN can be used in biochemistry. By con-
trolling the ultraviolet absorption peaks of GIAN to
appear in the near-infrared (NIR) band, the application of
functional graphene matched with biofunctional mole-
cules such as adapters and detection cells in bioimaging
and photothermal therapy can be further expanded'®”.
Amorphous carbon materials have the advantages of acid
and alkali resistance, good electrical conductivity, and
good adsorption performance. Importantly, covering the
plasma core with an ultrathin carbon shell can greatly
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improve the resistance to acids, alkalis, and other solvents.
Pan Li et al.'?® developed a hydrothermal route for the
synthesis of Ag@C nanocomposites by changing the
reaction temperature and time, and a thinner carbon shell
was obtained by the improved hydrothermal method. The
carbon shell thicknesses of the samples prepared at 140
for 360 min, at 100 for 80 min, and at 60 for 60 min were
~2.5, 1.5, and 1 nm, respectively.

SHINERS has changed the working mode from direct
contact (SERS) or noncontact (tip-enhanced Raman
scattering, TERS) to shell isolation. It breaks some long-
standing limitations, allows characterization of chemical
systems involving previously inaccessible surface materi-
als and morphologies and simplifies analysis in challen-
ging environments such as biological systems. The use of
ultrathin chemically and electrically inert shells around
nuclear power sources can solve many problems'*’. It
prevents contact with the chemical environment, with
surfaces of interest, and with probe molecules. It can also
maintain excellent stability by preventing the NPs from
aggregating'*®. In addition, GIAN show two-photon
luminescence. The advantages of two-photon lumines-
cence imaging include minimal autofluorescence back-
ground, minimal photon-induced damage to the sample,
and high spatial resolution**°,

As an example of DNA detection (Fig. 7 and Table 3),
Duan et al.'®' developed an efficient modularization
method for SERS substrates based on the chemical deri-
vation of GO-thiolated GO (tGO) nanosheets gapping
two layers of Au@Ag NP arrays (Au@Ag-tGO-Au@Ag)
and an interfacial assembly technique using plasma NPs
as templates to detect multiple DNA sequences of bac-
terial pathogens simultaneously. They employed three
different Raman dyes with distinct spectral fingerprints
for tagging single-stranded DNA. Specifically, HEX-, Cy5-
, and TAMRA-encoded reporter DNAs were used to
detect the gene sequences of E. coli O157:H7, S. aureus,
and Listeria monocytogenes, respectively. Moreover, the
highly sensitive “signal-off” detection method could detect
the DNA sequences of E. coli O157:H7 down to 10 pM
using HEX-labeled reporter DNA as the SERS probe.
Herein, tGO has many functions: (1) as a 2D scaffold of
Au@Ag NPs assembled at a fixed interface; (2) as a
nanospacer to generate SERS-active nanogaps between
two layers of NP arrays; and (3) as a collector to enrich
molecules of interest through m—m interactions. The
modular nature of the strategy and the latest develop-
ments in wet chemical synthesis of plasma nanocrystals
provide new opportunities to obtain basic insights into the
relationship between SERS performances.

The development of ultrathin pinhole-free shell mate-
rials with unique functions, especially 2D materials such
as graphene, is a promising direction for the study of
novel core-shell NP-enhanced Raman spectroscopy.
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Fig. 5 Graphene-isolated AuNPs (GIAN) SERS sensors. a Schematic illustration of graphene-veiled SERS substrates with graphene spread over the
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Core-shell NPs for SERS can also be used in the field of
SERS biosensors. To provide a clear view of this field for
readers, various systems of the SHINERS biosensor plat-
form and their applications in SERS are summarized in
Table 3. According to the enhancement mechanism and
source of the SERS signal, the core-shell NPs in SERS can
be roughly divided into two categories: ultrathin core-
shell NPs and thick core-shell NPs. NPs with ultrathin
shells mainly enhance the Raman signals of molecules on
or near the surface of the shell by means of strong elec-
tromagnetic fields of SERS-active nuclei, while NPs with
thick shells are usually accompanied by multifunctional
extended SERS applications. Ultrathin shells can be divi-
ded into metal shells and nonmetal shells. Metal

enclosure refers to transition metal enclosure, such as Pt,
Pd, and Ru. Nonmetal shells refer to the silica shell, Al,O3
shell, TiO, shell, graphene shell, carbon (C) shell, and
other oxide shells. Therein, graphene has a larger Raman
cross-section and a more stable structure. The strong
bands at 1325 and 1596 cm ™" are attributed to the D-band
and G-band of graphene, respectively. Both the D-band
and G-band can be used in the imaging unit. Therefore,
graphene is a suitable candidate for cell imaging. In
addition, the shell of graphene can be modified by func-
tional groups such as PEG molecules so that the hydro-
phobic shell can become a hydrophilic surface and exhibit
improved biocompatibility. Amorphous carbon materials
have the advantages of acid and alkali resistance, good
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Table 3 Recent high-performance reports utilizing SHINERS biosensors of various biomolecule platforms.

SERS substrate Biodetection samples EF Detection limit Refs.

CNT/SIO,@(Au/Ag) Adenine NA 107*M 248

Triplex Au@Ag@C core-shell NPs  Quantitative immunoassays of mouse IgG NA 1007"% ng/mL 133
Nanotoxicology test in living Nicotiana benthamiana NA NA 134
plants and biochemical imaging

Au@nanosize GO (NGO) Hela cell bioimaging and anticancer drug DOX delivery NA NA 249

Au@AgNP-MWCNT hybrid Hela cell imaging NA NA 20

G-isolated-Au- Loading anticancer drug doxorubicin (DOX) for therapy, NA NA 132

nanocrystal (GIAN) multimodal cell imaging

M@G, M =Cu, Ag, and Au Photobleaching and fluorescence quenching of CoPc NA NA 130

AU@AG-tGO-Au@Ag Multiple DNA sequences and gene sequences of E. coli  2.7x10% 10pM 131
O157:H7

Ag/PATP@SiO,/CND Immunoassay detection of goat-anti-mouse IgG NA 0.0025 pg/mL (quantitative analysis: 238

001100 ug/mL)

GO-AU@PANI Anticancer drug DOX delivery, NIR imaging of NA 1 ug/mL (DOX) 26
cancer cells

GO@SIO,@AgNPs Glucose NA 2mM 18

NA not applicable, EF enhancement factor.

electrical conductivity, and good adsorption performance.
Importantly, covering the plasma core with an ultrathin
carbon shell can greatly improve the resistance to acids,
alkalis, and other solvents. Generally, there are two pre-
paration methods: chemical methods and physical meth-
ods. Reflectors of different sizes, shapes, and materials can
be fabricated to meet different requirements or applica-
tions. As summarized in Table 3, for example, because of
the strong electromagnetic field from the Au core and the
chemical enhancement from the graphene shell, with
GIAN'??, the Raman signal can be greatly enhanced and
has been widely used in biomedical research. In addition,
a controllable and convenient hydrothermal synthesis
method was reported that can combine Raman marker
molecules with Au—Ag—C core-shell NPs layer by layer. 4-
Mercaptobenzoic acid is a new Raman marker for quan-
titative immunoassays'>>. Interestingly, in their follow-up
study, the authors also used the triplex Au—Ag-C in a
unique method to deliver carbon-encapsulated SERS tags
into the leaves of Nicotiana benthamiana. As a non-
invasive and nontoxic biochemical imaging method for
living plants, the interference of self-fluorescence of plant
tissues was successfully avoided'**,

SERS biosensors
Principles and SERS hot spots

SERS is a Raman spectroscopic technique that can
provide highly enhanced Raman signals from Raman-
active analytes adsorbed on the surface of nanostructures.

The enhancement factor strongly depends on the size,
shape, and composition of SERS nanostructures and the
properties of molecular analytes. The SERS effect is
caused by two different mechanisms: the EM and CM. In
particular, the application of carbon-based materials as
Raman-active substrates has attracted increasing attention
because it provides a platform for distinguishing two
known entanglement-prone enhancement mechanisms
(EM and CM) in SERS, as mentioned above. The main
contributor to most SERS processes is the EM. The
enhancement is caused by light amplification excited by
local surface plasmon resonance (LSPR). The working
principles of SERS are depicted in Fig. 6. LSPR from
plasma nanomaterials can be excited by far-field incident
light and can focus the light on the edge, tip, or gap on the
nanoscale, thus increasing the local electromagnetic field
intensity by two to five orders of magnitude. LSPR can
also be excited by a local oscillator (such as a dipole or
quadrupole) and directionally reradiated into the far field
(Fig. 6a, b). This light concentration occurs due to the
existence of “hot spots” on the SERS-active structure
located preferentially in the NP gaps, in the crevices, or at
the sharp features of plasma materials, which are tradi-
tionally noble and coinage metals (e.g., silver, gold, and
copper) with nanoscale features, and SERS signals can
reach an enhancement of 10'*~10" times''”'**7'%%, The
CM is usually caused by electron transfer between sur-
faces such as graphene and adsorbed molecules, which is
usually limited to a 10-10* enhancement'?*'%°,
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Fig. 6 Enhancement mechanisms of both EM and CM in SERS. a, b Wavelength-dependent extinction efficiency (Qe,) and local values of Fgy,
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The electromagnetic field on the surface of plasmon
polaritons is highly localized in the hot spot range and is
not uniformly distributed. Hot spots can be nanoneedles
or nanogaps between particles or between particles and
substrates. As summarized by Tian et al.?, hot spot-
nanoscale regions with a strongly enhanced local elec-
tromagnetic field have undergone three generations of
development: (I) The first-generation SERS hot spots are
generated from single nanostructures—when nano-
spheres, nanocubes or nanorods are dispersed in a
homogeneous medium, a single nanostructure can

produce hot spots. Generally, these hot spots exhibit
moderate SERS activity. However, some specially
designed particles with a sharp structure can exhibit
higher SERS activity, such as stellate or flower-like AuNP
and AgNP. (II) The second-generation SERS hot spots are
generated by coupled nanostructures with controllable
intergranular or interunit nanogaps. This kind of hot
spots produced by the nanoscale gap between oligomers
or nanoscale arrays shows excellent SERS activity, and the
average intensity of a single nanoscale structure is 2—4
orders of magnitude, which can be used to detect a single
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molecule. (III) The third-generation SERS hot spots are
generated by hybrid structures consisting of plasma
nanostructures and probe materials. Generally, first- and
second-generation hot spots are not suitable for surface
analysis of many materials. For example, materials such as
silicon and ceramics simply cannot enter nanogaps.
Therefore, it is necessary to design and develop plasma
nanostructures that can directly realize hot spots on the
surface of materials. Considering that LSPR and the local
electric field are not only dependent on the size and
morphology of the plasma structure but also influenced
by the dielectric properties of the materials to be mea-
sured near the nanostructures, the third-generation hot
spots in complex nanostructures should be transferred to
the surface of the materials to be measured.

In 2009, Musumeci et al.'*’ reported the SERS spectra
of various biological molecules on the surface of small-
size (5nm) TiO, (Fig. 6¢c) and demonstrated the charge
transfer between TiO, and the adsorbed molecules, which
is the reason for the SERS effect of NPs. The enhance-
ment factor was estimated to be ~10°. This is an impor-
tant research progress in the CM of SERS. It is worth
noting that nonstoichiometric tungsten oxide nanos-
tructures, similar to the W;3O49 nanowires of sea urchins,
were used as substrate materials to amplify the interaction
between the base analyte and molecule (Fig. 6d), resulting
in significant changes in the Raman spectra. The enrich-
ment of surface oxygen vacancies can lead to additional
enhancement'*'. The detection limit is as low as 107" M,
and the maximum enhancement factor is 3.4 x 10°.
Semiconductor materials can even be comparable to
noble metals without “hot spots” by forming oxygen
vacancies.

To help readers understand the design principles of
carbon-based SERS substrates as biosensors more clearly,
a comparison between carbon-based SERS substrates and
other carbon-free SERS substrates is necessary. SERS
substrates with excellent surface uniformity and
enhancement efficiency in terms of both carbon-free and
carbon-based SERS substrates have been well developed
recently. For carbon-free SERS substrates, three repre-
sentative platforms are commonly included: the tradi-
tional gold-standard Klarite substrate fabricated by top-
down lithography or an electrochemical method, mono-
dispersed or aggregated colloidal plasma NP-based SERS
in solution, and a recent new soft 2D SERS substrate
fabricated by self-assembly. The aggregation of metal
colloids may be the easiest way to construct substrates
that exhibit enormous field enhancement for ultra-
sensitive or even single-molecule SERS detection'*>'*?,
The most commonly used Au and Ag colloids are gen-
erally prepared by one-step or multistep chemical
reduction methods***™* and are usually stabilized by
citric acid in solution with reasonable size or shape
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control and monodispersity. Aggregation of these colloids
can be achieved by the addition of a salt (charge shield-
ing), allowing van der Waals attraction between particles
to dominate the system144. For example, Ji and co-
workers'*” proposed a novel method of using a highly
sensitive SERS sensor for the detection of hydrophobic
analytes based on cetyltrimethylammonium bromide
(CTAB)-triggered Ag aggregates. The introduction of
CTAB into Ag colloids can significantly improve the
binding ability of AgNPs to hydrophobic analytes. At the
same time, CTAB can trigger the formation of Ag
aggregates, forming a large number of SERS-enhanced hot
spots. Compared with the monodisperse sol system, the
colloid aggregation of metal NPs can achieve great EM
due to the formation of a large number of hot spots, thus
further reducing the detection limit. However, their for-
mation was limited by the randomness, which led to a
great change in the field enhancement and SERS intensity
over the whole substrate. In addition, the random clus-
tering method lacks repeatability of the substrate, which
makes it difficult to optimize more quantitative SERS
measurement conditions.

Compared with single-element particles, bimetallic NPs
provide a richer plasma pattern due to their combination
of material and size/shape-dependent plasmons. In par-
ticular, core-shell NPs have recently been widely used as
effective SERS sensors. For the design strategy of carbon-
free core-shell SERS sensors, which are termed SHINERS
substrates, the clever introduction of a thin shell prevents
particles from aggregating, as discussed above, prevents
contaminants from adsorbing onto the metal surface, and
allows particles to spread on any type of surface and even
form a SERS substrate at the top of a battery. Although
the shell reduces the maximum enhancement due to the
distance between the analyte and the metal surface,
the greater reproducibility of the Raman strength makes
the technique more quantitative and reliable. More
recently, size- and shape-dependent monodisperse
Au@Ag nanocubes (NCs) and Au@Ag NBs were devel-
oped by Cheng’s group**®, in which the Ag shell thickness
could be precisely adjusted from ~1 to ~16 nm (Fig. 7a).
This work expands the morphology range of the SHI-
NERS structure to nanocubes or NBs, so the morphology
is no longer limited to nanospheres, and reveals that the
excitation wavelength distinguishes the shape of the par-
ticles. The maximum Raman enhancement is observed
when the excitation wavelength matches the SERS peak,
on the premise that there is an obvious local electric field
limitation in the plasma nanostructure at this wavelength.
The Raman enhancement reaches the maximum at a
certain threshold of particle size (or silver coating thick-
ness). By optimizing the particle size, the excitation at the
corresponding laser wavelength is optimized. According
to this mechanism, the detection limit of the sensor can
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. Copyright© 2018, Royal Society of Chemistry.

be further optimized. For carbon-based SERS core-shell
biosensors, GIAN possess their own unique application
advantages. For example, Chen and co-workers**’ pro-
posed SERS-encoded NPs with a stable and simple fin-
gerprint spectrum according to the synthesis of isotopic
cellular Raman-silent GIAN and conjugation with
phospholipid-PEG-linked aptamers to target proteins
overexpressed on the cancer cell surface (Fig. 7b). GIAN
have the superstable optical advantage of graphene
nanomaterials and a high Raman cross-section, showing
high SERS signals. Such GIAN tags show a multiplex
Raman imaging ability both in vivo and in vitro, and the
background interference is very small. In addition,
aptamer-conjugated isotopic GIAN have cell membrane
protein (nucleolin, mucin, and epithelial cell adhesion
molecule) specificity and have been successfully applied to
built-in coding for rapid imaging and pattern recognition
of targeted cancer cells. This isotopic GIAN aptamer
encoder shows high potential in the effective identification
and diagnosis of cancer cells. As a whole, carbon-based

core-shell SERS substrates show higher potential and
better flexibility as biosensors for cost-effective cancer cell
or in vivo system identification with high sensitivity and
low background interference, promising a novel tool for
more biomedical applications.

To overcome the problems of poor repeatability and
uniformity in colloids, especially aggregated SERS sub-
strates, 2D SERS substrates have rapidly been developed
in recent years. 2D SERS substrates with improved uni-
formity have also been prepared mainly by controlled
deposition and lithographic and template synthesis stra-
tegies. Colloid NPs are assembled onto surfaces by poly-
mers with a functional anchoring group, such as
mercaptan or amine. The use of coordination layers can
better control the spacing between particles, which fur-
ther controls the hot spots. Because of the high con-
trollability and reproducibility, photolithography and
related template methods are usually used to fabricate
SERS substrates with precise adjustable hot spots, even to
produce gaps of one to several nanometers according to
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adjustment of experimental conditions. These periodic
SERS arrays allow tailoring of their structures and
arrangements according to the application, whether for
experiments on the basic physics of single molecules or
large-scale production of SERS sensors. At present, var-
ious lithography/template techniques have been reported
for the preparation of high-quality SERS substrates,
including nanowire templating, nanosphere lithography,
line lithography, electron beam lithography, and nano-
transfer techniques'*>'*°™'*%2, A new class of ultrathin
SERS substrate-soft plasmene nanosheets was fabricated
using a simple yet efficient bottom-up self-assembly
approach by Chen and co-workers'*>'**, These nanosh-
eets are ultrathin, mechanically elastic, and optically
translucent and can be attached to complex topological
surfaces in the real world (banknotes and plastic bank-
notes, even metal coins), achieving repeatable and sensi-
tive detection of chemicals (see Fig. 7c). Different from
traditional rigid SERS substrates, this flexible 2D substrate
can be used to directly identify drugs and achieve a
benzocaine-sensitive detection limit of a few parts per
million (p.p.b.) with an excellent linear relationship (R* >
0.99). On the surface of banknotes, the detection limit of
benzocaine reached 0.9 x 10 g/cm®. In addition, several
other drugs can be identified even in binary mixtures by
the plasma membrane nanosheet sensor. In the design of
carbon-based 2D SERS substrates, the specificity and
sensitivity for biomolecules can be analyzed by the func-
tional design of their surfaces'*>'*>1°° Recently, Ouyang
et al.">” developed a laser-wrapped graphene-Ag array as
an effective specific SERS biosensor (see Fig. 7d) to detect
trace genomic DNA methylation as an indicator for the
initiation and progression of cancers among other dis-
eases by making use of methylation-specific antibody-
modified AuNPs as the target scaffold to enrich
methylation-related DNA and a laser-wrapped graphene-
Ag array as an enhancing substrate. Herein, due to the
effective coupling of the electromagnetic field, the gra-
phene layer can enhance the SERS signal. In addition, the
graphene wrapping approach circumvents the direct
interaction between the Ag array and the analytes, thus
improving the reusability of the SERS substrate even after
five cycles of use. This method has good clinical appli-
cation prospects, especially when combined with portable
instruments. Information on global methylation will
provide the basis for specific gene research with this kind
of carbon-based novel SERS biosensor.

Theoretical considerations for coating carbon materials
onto the surfaces of metallic particles or arrays for SERS
applications are necessary for an essential understanding
of the material design. For example, as shown in Fig. 7d,
the ultrathin graphene layer on the Ag nanoarray
enhances the Raman signal due to the effective transfer of
the electromagnetic field from the metal core to the probe
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molecule through the shell. The electromagnetic field
distributions of the Ag array before and after graphene
coating are simulated by FDTD, as shown in Fig. 1g, h, i.
The results show that when graphene is coated, the
maximum electromagnetic field at the node increases by
1.3 times (based on the simulated electromagnetic field
distributions), and after laser impact on graphene, the
maximum electromagnetic field at the junction increases
by 1.2 times. The tight coverage of the graphene mono-
layer leads to enhancement of the electromagnetic field of
the silver array, and the electromagnetic field is more
limited to the narrower region of the graphene-
encapsulated Ag array, which leads to more effective
enhancement at the junction between the AgNPs and an
increase in hot spots, thus realizing overall enhancement
of SERS activity. This enhancement is possible because
the coupling of the electromagnetic field is enhanced,
which well matches the SERS results, and the electro-
magnetic field is more limited to the narrower region of
the graphene-coated Ag array, which leads to a more
effective enhancement at the junction between the
AgNPs. The graphene coating method avoids direct
interactions between the Ag array and the analyte, thus
improving the reusability of the SERS substrate. In addi-
tion, according to Zhang and co-workers’ research, the
mechanism of G-veiled Au arrays as effective SERS sub-
strates was discussed in detail by using Mie theory and the
3D-FDTD simulation method'*®, The results (see Fig. 5c)
show that the thin graphene layer does not significantly
attenuate the enhanced electromagnetic field between Au
nanostructures. They predicted that the low current
activity was due to the hot spots of SERS activity being
“buried” under the far graphene veil. This is also con-
sistent with the atomic force microscopy observations. It
should be noted that although it is claimed that the
conductive graphene layer suppresses the surface electric
field, this is not considered to be the reason for the weak
SERS activity of the inactive G-SERS substrate, as it can be
further thermally activated (which does not change the
conductivity of graphene). Different from the SERS sub-
strates on which most molecules are directly adsorbed on
the active metal surface, this new G-veiled substrate
provides a passivated surface for SERS. The graphene veil
makes the SERS analysis have a clearer molecular inter-
action so that the enhanced Raman signal has better
repeatability. This work provides a unique strategy for
designing SERS substrates with the lowest loss of SERS
activity after surface passivation. Furthermore, a potential
enhancement mechanism of the trinary AuNP/MoS,/G
van der Waals heterostructure is demonstrated to be the
combination of the electromagnetic mechanism of the
plasma AuNPs and the CM by density functional theory
calculations'®®. The CM of the AuNP/MoS,/G van der
Waals heterostructure is enhanced by enhancing the
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interface dipole—dipole interaction rather than by G or
MoS, alone. 2D nanomaterials'®® exhibit a low plasma
effect in the excitation wavelength range of Raman
spectroscopy (ultraviolet—visible—-NIR). When they are
used as SERS substrates, they exhibit an obvious CM
effect”®!1>161192 In addition to the charge-transfer and
dipole formation effects, some special structural proper-
ties of 2D nanomaterials, including carbon nanomaterials,
can also improve the sensitivity of SERS sensors, such as
the best enhancement effect of graphene monolayers
compared to few or more layer graphene, which needs to
be taken into account'®>'®*, For example, the large spe-
cific surface area of 2D nanomaterials and the m—m
stacking interaction can promote the adsorption of probe
molecules on 2D nanomaterials and the charge transfer
between probe molecules and 2D nanomaterials'®>%",
The synergistic effect of each component includes
improved sensitivity, stability and reproducibility, and
fluorescence quenching’>'*”'%1%°  Therefore, all these
factors facilitate the broad application prospects of these
materials in the fields of optoelectronics and biosensors.

Surface functionalization of carbon nanomaterials for
biointerfaces

To obtain graphene-based platforms for biological
applications, it is necessary to functionalize them with
special elements so that graphene does not exhibit con-
siderable biological toxicity and has functional groups that
can bind with other molecules. Therefore, surface func-
tionalization is very important for biological applications
by improving the surface bioanalytical performance (such
as sensitivity, biocompatibility, carrying capacity, or spe-
cificity) to make it an ideal matrix for the synthesis and
design of multicomponent platforms. To date, various
chemical molecules have been used to prepare functional
systems integrated with small molecules, nucleic acids,
peptides, proteins, and NPs by covalent and/or non-
covalent methods.

The rich oxygen functional groups on the surface of GO
can be used as a chemical handle for the conjugation of
functional molecules by covalent bonds'®'”°. The car-
boxyl groups on GO react with the amino groups of
molecules or proteins through carbodiimide chemistry,
which finally disrupts the extended m-conjugation, termed
“chemisorption.” Common functional groups that con-
tribute to chemisorption include mercaptan (e.g., sulfur-
ized nucleic acid) and mercapto (e.g., found in cysteine
residues of proteins)'”". According to the position of these
functional groups, specific regions of biomacromolecules
can be covalently fixed to the surface of SERS sensors,
while other bioactive regions can participate in binding
interactions'”2. Unexpectedly, noncovalent functionaliza-
tion does not disrupt the extended m-conjugation of gra-
phene surface as covalent functionalization does, and the
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large 2D aromatic surface of graphene makes it an ideal
matrix for adsorbing some biological molecules, such as
via m—m stacking interactions. GO is highly negatively
charged and can adsorb positively charged molecules by
electrostatic, van der Waals, or hydrophobic interactions
to enhance the physical adsorption. QD—antibody com-
plexes (QD-ADb) can also be adsorbed by m—m stacking
and hydrogen bonding interactions'”®. In this case, the
coating process is simple, but the interaction between
biomacromolecules and the sensor surface is weak (non-
covalent), which can lead to surface-induced denaturation
and/or conformational changes, thereby altering the bio-
logical activity (e.g., the recognition ability of adsorbed
species)'’*. For detection applications, these features are
not conducive to fixing receptors on the sensor surface
because they often damage the function, so this mod-
ification strategy may not meet key measurement needs,
such as selectivity and stability.

SERS biosensing strategies

The general design of an LSPR sensing platform entails
the choice of the (i) plasma material, (ii) geometrical
properties of the nanostructures (typically NPs), (iii) fab-
rication method, and (iv) surface coating. A typical SERS
tag consists of four parts: a SERS-active nanoscale sub-
strate, an organic Raman reporter, a protective shell, and
the target molecule'””. Different kinds of SERS-active
nanostructures can provide a strongly enhanced Raman
spectrum generated by the local light field on the sub-
strate surface, which is capable of being controlled by the
chemical composition, size, and structure and greatly
affects the SERS properties of the tags. However, this
simple SERS-active nanoscale substrate-Raman reporter
structure usually lacks stability, and the signal is easily
disturbed by surrounding interference. Hence, carefully
designed coating materials (such as core-shell structures)
and treatment procedures are necessary for improving the
tag biocompatibility and reducing nonspecific binding
aggregation. Finally, adding targeting molecules to the
SERS tags imparts biofunctionality. In terms of toxicity,
when carbon-based SERS biological probes are injected
into cells or in vivo for clinical trials, local administration
is generally used to reduce systemic toxicity, such as by
directly spraying antibody-coupled F-SERS dots on
tumors, thus bypassing the main disadvantage of intra-
venous injection: systemic toxicity caused by accumula-
tion in major organs (lung, liver, and spleen)'’®'””.
Because of the large size of antibody-coupled F-SERS
dots, tumor targeting is reduced. In addition, introducing
a silicon shell (nontoxic coating) is well known to be an
effective way to reduce the toxicity of NPs. In addition,
antibody-coupled F-SERS dots do not accumulate in the
normal colon after washing, thus further reducing any
toxicity to normal organs®>'’®, It has been reported that
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some coupling agent-bound nanocomposites have cyto-
toxicity, such as ethanolamine-coated AgNPs>*. To
overcome this problem, the sulthydryl bond between
several biocompatible -SH groups is generally used to
replace ethanolamine as the end-capping agent of the
label, which can minimize the toxicity problem when
applied clinically.

As shown in Fig. 8a, a ratiometric SERS sensor based on
the internal standard method for sensitive and repeatable
quantitative detection of microcystin-leucine arginine
(MC-LR) was developed. Gap-tethered SERS-active
Au@AgAu NPs were successfully prepared, and the gap
size was adjusted by simply adjusting the acidity. These
NPs showed a gap-adjustable enhancement of SERS
activity and were used as a SERS tag. GO/Fe30, NPs
exhibit unique and stable Raman bands from the graphite
components, making them an ideal material for quanti-
tative Raman analysis. In principle, the assembly of
Au@gap@AgAu NPs and GO/Fe;0, NPs depends on the
ni—7t stacking interaction between GO and MC-LR apta-
mers. In the presence of MC-LR, Au@gap@AgAu NPs
and MC-LR NPs are separated due to the affinity of
aptamers, resulting in changes in the SERS-labeled Raman
intensity. Quantitatively, after internal standard Raman
signal correction, the limit of detection (LOD) of MC-LR
is as low as 9.82 pm. This strategy provides a simple and
fast method for sensitive and quantitative detection of
MC-LR and has broad application prospects in complex
systems.

To develop a high-throughput and easy-to-operate
homogeneous virus detection method, semiconductor
QDs may overcome some functional limitations of protein
arrays and suspension arrays due to their unique optical
properties. Recent advances in QD-based biosensors have
opened up new possibilities for multiple detections of
proteins or viruses. To generate a fluorescence “on”
detection strategy, GO was first selected as a super-
quencher for QD fluorescence. As shown in Fig. 8¢, a new
detection strategy was designed, in which the EV71 anti-
body (Abl) and CVB3 antibody (Ab2) are labeled with
different color QDs to realize simultaneous detection of
multiple viruses. Abl and Ab2 are first labeled with bio-
tinylating reagents. Streptavidin-conjugated green QDs
(525 nm) and streptavidin-conjugated red QDs (605 nm)
are coupled with Abl and AB2 via biotin—streptavidin
interactions, respectively. The fluorescence of these
QD-Ab bioconjugates (QD-Abl and QD-Ab2) is
quenched by GO to produce virus capture probes. Once
the virus capture probe is exposed to the target of EV71
and CVB3, green and red fluorescence will be activated by
the release of QD—Ab due to the binding of antibody to
antigen. If only one target exists, then the corresponding
colored QDs will be released and emit strong fluores-
cence, indicating that the corresponding target virus exists
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(i.e, when EV71 exists alone, only green fluorescence
emission is turned on).

SERS is a real label-free technology that directly pro-
vides intrinsic SERS signals of biomarkers of interest in
complex biological matrices without any labeling or spe-
cial treatment of SERS substrates and samples. These
advantages make SERS an ideal alternative for sensitive
and accurate detection of serum bilirubin. Logically
speaking, plasma substrates are the key to obtaining high
performance for SERS biosensors. In recent decades, the
development of SERS biosensor technology has focused
on innovating plasma nanostructures with high SERS EF
to improve the detection sensitivity. The devices in Fig.
8b, d both correspond to label-free SERS biosensors with
different design strategies'’*'”®. As shown in Fig. 8b, a
paper-based SERS biosensor, namely, the enPSERS bio-
sensor, was proposed, which combines the enrichment
capability for diagnosis of jaundice with sensitive and
label-free detection of serum bilirubin. The enPSERS
biosensor combines serum bilirubin enrichment and
plasma enhancement of bilirubin Raman signals to
directly improve the sensitivity of unmarked detection in
serum without additional sample preparation. The key
component of the enPSERS biosensor is the GO plasma
Au nanostar hybrid densely coated on filter paper. The
plasma GNS is used for SERS enhancement because of its
super-high EF and built-in hot spots. In another work, a
new kind of plasmon-polariton LSPR sensor, which is
sensitive to reducing the size of the receptor, was
described (Fig. 8d). This functionalized C-reactive protein
detection system contains a single-chain antibody surface
and utilizes peak shifts in the LSPR spectrum. This
functional single-chain antibody is produced by the
synthesis of acellular proteins, and the necessary anti-
bodies can be quickly prepared on demand. The single-
chain antibodies contain cysteine tags that bind to the
surface of Au nanorods and, at the same time, identifi-
cation sites that bind to C-reactive protein targets. The
detection with the Au nanorod system using the single-
chain antibody showed higher sensitivity than that with
the full-length antibody as a capture probe.

Potential applications

Several mainstream potential applications of carbon-
based SERS biosensors are summarized, including bio-
molecular detection, blood detection, bacterial detection,
bioimaging, disease diagnosis and therapy, and single-cell
detection and identification.

Biomolecular detection (DNA, microRNA, and protein)
Carbon-based SERS platforms have been extensively
explored to develop sensitive biosensors because of their
high effective surface area, excellent catalytic properties,
high specificity, low LOD'°'®2 Xu’s group'®® also
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presented highly ordered arrays of graphene-isolated Au
NPs (G/AuNPs) as a substrate to detect the concentration
of adenosine, which is the core molecule of ATP and
nucleic acids, with a good linear correlation within the
range 2—-250 nM in human serum. In addition, Xu and co-
workers'®* developed a highly ordered graphene-isolated
Ag nanodot array as a SERS substrate. This novel sub-
strate showed excellent properties in terms of sensitivity,
signal-to-noise ratio, and reproducibility because of the
combination of the plasma activity of the graphene-
isolated Ag nanodot array and unique physical/chemical
properties of graphene, and it was employed for detecting
human urinary nucleosides with a sensitivity of 91.1%. Yu
and co-workers'® prepared SERS-active substrates based
on GO/silver nanocomposites via a facile and green
liquid-phase reduction method. They utilized a synthetic
substrate for detecting L-theanine with a LOD down to
1077 M.

Blood detection

The carbon-based SERS platform plays a vital role in
blood detection, such as of glucose, metallic ions, and
other small molecules. In this section, we mainly present
some carbon-based SERS biosensors for glucose'®*'®.
Two-component graphene metal as a SERS substrate has
been reported as a glucose detection biosensor'®®,

Li et al.'™® utilized the SERS activity of ascorbic acid
oxidized in GO and gold nanorod hybrid substrates to
sensitively detect glucose. The affinity of glucose to the
bare metal surface is low, and the Raman scattering cross-
section, which determines the limit of glucose detected by
SERS, is low. In the specific binding of glucose to the boric
acid group in 4-mercaptophenylboric acid, the absolute
intensity of the SERS signal of MPBA increases sig-
nificantly due to the change in orientation and charge-
transfer effect. However, the calculation of the peak area is
complex, and the linear range of glucose concentration is
limited. As depicted in Fig. 9a—d, Pham et al.'*® designed
a novel ternary hybrid AgNP-embedded thin silica-coated
GO structure (GO@SiO,@Ag NPs) to detect glucose
within the linear range 2-20mM (Fig. 9d), which was
achieved by self-assembling 4-mercaptophenyl boronic
acid on the surface of GO@SiO,@Ag NPs as
GO@SiO,@AgNPs@MPBA (Fig. 9a, c). The binding of
glucose to 4-mercaptophenyl boronic acid-incorporated
GO@SiO,@Ag NPs increased the SERS signals at both
1072 and 1588 cm ™" (Fig. 9b). In addition, Guo et al.'*
also developed ternary Ag-Cu,O/rGO nanocomposites as
SERS biosensors by a facile two-step in situ reduction
procedure at room temperature to detect H,O, and glu-
cose (Fig. 9e—h). Glucose detection was demonstrated
with a high sensitivity and could be employed to
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distinguish between diabetic and normal individuals by
using the glucose levels in fingerprints (Fig. 9g—h). Ag-
Cu,O/rGO nanocomposites have been proven to be a
highly efficient SERS substrate and highly sensitive per-
oxidase nanocatalysts. The most important contribution
of this work is that this method can distinguish the blood
sugar levels of diabetic patients and normal people from
fingerprint information and can be used for in situ
detection of glucose levels in wearable devices for diabetic
patients. In the near future, the strategies developed by
this work will show promise for disease diagnosis and
forensic investigation.

Bacteria detection

SERS can be used to identify specific frequencies of
chemical functions in complex aquatic biological
samples via convenient visible and NIR laser probes.
Based on metal colloids, CNT templates, and self-
assembled membranes, SERS biosensor technology has
been developed to improve the sensitivity and accuracy.
However, most of the approaches still face the chal-
lenges of low reproducibility and low stability.
SWCNTs have the characteristics of a radial breathing
mode and tangential Raman scattering. As a support for
AuNPs, they may become a practical hybrid SERS
substrate. These structures produce sharp and intense
peaks that are easily distinguished from the fluorescent
background. To improve the stability and photothermal
properties, f3-SWCNTs were chosen as a template to
prepare Au nanopopcorn (Fig. 10a). Selectivity is
integrated by targeting specific recognition of mono-
clonal antibodies. A novel hybrid nanomaterial based
on gold nanopopcorn-attached SWCNTs (AuNP@f3-
SWCNTs) was fabricated successfully to realize label-
free detection and photothermal killing of bacteria by
Hamme II's group (Fig. 10a, b)**’. The application
potential of SWCNT/AuNP nanohybrid materials is
enhanced by the large aspect ratio and good combi-
nation with biological molecules. A current challenge is
to detect and efficiently eliminate antibiotic-resistant
bacterial strains. Specifically, the outer membrane of
Gram-negative bacteria provides additional protective
layers, such as against antibiotics and fungicides, which
help bacteria resist antibiotics. To address this chal-
lenge, Ko et al.'"* fabricated an Ag/ZnO/rGO nano-
composite as a multifunctional biomedical platform for
SERS detection and multiple killing of E. coli. Impor-
tantly, this work was the first report of combining three
materials for simultaneous detection and killing of
bacteria. Recently, a simple and environmentally
friendly synthetic method for preparing an effective
SERS platform has attracted much attention: Li et al.??
proposed a fast and green method to prepare AgNP/
rGO composites (Fig. 10c) and utilized the fabricated
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SERS substrate to detect bacteria such as E. coli and S.
aureus with a detection sensitivity as low as 1 x 10°
CFU/cm®. The simple and environmentally friendly
in situ synthesis method has potential application
prospects in the preparation of other graphene/metal
matrix nanocomposites.

Bioimaging

Fluorescence technology has been widely used in bio-
logical imaging; however, there still exist some problems,
such as photobleaching of organic dyes, autofluorescence
background of biological tissue, and wide fluorescence
excitation and emission peaks, which lead to spectral
overlap and limit the usage of a variety of colors in
practice. Raman scattering has narrow spectral lines and
can be used for high multiplexing imaging'®*. In addition,
because the sharp Raman peaks can be distinguished from
the fluorescence background, the autofluorescence pro-
blem of the tissue can be bypassed. Raman excitation can
also be selected in a low background and biologically
transparent optical window. Recently, SERS has emerged
as a fascinating and new powerful tool for bioimaging'*®,
mainly in applications of cell tracking, cell targeting,
diagnosis therapy, and so on'®”**®'*7. Raman imaging
technology has broad application prospects in the field of
next-generation biological imaging.

The two most commonly used types of Raman biolo-
gical imaging technology mainly include SERS imaging
technology based on material autofluorescence and F-
SERS imaging technology, as discussed before. Compared
with small-molecule Raman probes such as p-ami-
nothiophenol and R6G, carbon-based nanomaterials are
less toxic to living cells, and more importantly, carbon
nanomaterials can be designed as a platform to load and
carry molecules with different functions, including drugs
and targeted species54_56. Therefore, carbon nanomater-
ials have great potential as a multifunctional and feasible
biomedical imaging platform for diagnosis and treatment
with the two technologies. First, for carbon nanomaterial
autofluorescence bioimaging, the signal enhanced by
SERS technology makes it possible to carry out fast
Raman detection and spatial mapping of the target with
lower laser power and shorter acquisition time in actual
imaging. In addition, thermal effects and subsequent
damage to cells or tissues can be minimized. Therefore,
depending on the SERS technology, GO, as an effective
CM-enhanced substrate, can be used as a promising
probe for in vivo Raman imaging. For example, based on
the cell uptake mechanism of a GO-based SERS nano-
material and its good biocompatibility and water solubi-
lity, the enhanced 1595 cm ™' characteristic peak of the G-
band was used to directly detect GO in living cells'*®. The
G-band integral intensity was used to map the cells to
obtain Raman images, which can provide subcellular
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localization sensing under a short acquisition time and a
low laser power. In addition, as one-dimensional quantum
wires, SWCNTSs have a strong density of electronic states
at Van Hove singularities and intrinsic optical properties,
including NIR photoluminescence and strong resonance
Raman scattering, both of which have been used in bio-
logical imaging. Monochromatic SWNT Raman imaging
and single-walled carbon polychromatic Raman bioima-
ging of biological samples have been reported'®*'*,
However, autofluorescence SERS bioimaging has short-
comings such as reduced time efficiency, high background
staining, and antigen transformation by solvents. The
multiplex F-SERS dot approach using a topical spray can
detect tumor biomarkers in the bona fide tissue envir-
onment without any endoscopic manipulation or without
major skin removal in the case of intraoperative imaging.
Carbon-based F-SERS technology enables a huge encod-
ing capacity for high-throughput biodetection by using
the joint F-SERS signal as the encoding element. Due to

the use of photoluminescence and SERS spectral regions,
the spectral range that can be used for encoding is
broadened, thus allowing more spectrally distinguishable
codes®**®, In addition, when the amount of code avail-
able increases, the encoding capacity can be further
increased. In addition, based on the ability to rapidly
image fluorescence signals and simultaneously detect
SERS signals, optical endoscopic imaging systems for
specific tumors can be successfully realized by using
optical fiber bundles for real-time, in vivo, and multi-
target detection in intraoperative endoscopic sys-
tems®®>'7%?°!and the details will be explained in the
following discussion.

A GIAN, as a graphite nanomaterial, has a large Raman
scattering cross-section (~10"*' cm? SR~ molecule ™)
and is stable based on its inorganic structure. Two distinct
bands (Fig. 1la) can be observed near 1325 and
1595cm™}, corresponding to the D and G Raman modes
of graphite carbon shells, respectively. The high strength
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(relative to the G peak) Raman D peak reflects the high
strain of the graphite shell caused by the deformation of
flat graphene encapsulated with Au nanocrystals. A GIAN
has strong and simple resonance Raman characteristics
and can be used as a good Raman marker for cell imaging.
Figure 1la—c shows Raman images of MCF-7 breast
cancer cells stained with GIAN. Both the D-mode and G-
mode can be used for cell imaging. The Au nanocrystal-
line nuclei significantly enhanced the Raman signal of the
graphene shell and made MCEF-7 cells luminescence
under laser excitation. All Raman signals are distributed
in the cytoplasm, but no signal is related to the nucleus,
indicating the GIAN distribution in the cell. Compared
with fluorescence imaging, the Raman signal of MCF-7
cells has good imaging resolution, which shows that the
half-peak width of the Raman scattering peak is small and
the unbleached GIAN Raman signal is stable. This is a
potentially useful tool for monitoring the real-time pro-
cess of GIAN in cells. As depicted in Fig. 11d, Chen
et al.*** proposed an excellent new theragnostic nano-
system in which rGO nanosheets are considered a plat-
form to construct porous silica shells on the surface of
rGO with encapsulated R6G and AuNPs (anti-EGFR-
PEG-rGO@CPSS-Au-R6G). It is worth mentioning that
anti-epidermal growth factor receptor (EGFR) is a kind of
antibody against target cells. A SERS mapping image was
utilized to observe the targeting specificity of the pre-
sented substrate and others (Fig. 11e). It can be seen that
Raman signals are mainly distributed in the cytoplasm,
not in the nucleus. Compared with fluorescence imaging,
the Raman signal bandwidth of MCF-7 is narrower and
has a higher resolution. In addition, the fluorescent
molecules easily self-quench, and the Raman signal is
more stable. The development of multimodal systems
using nanomaterials has yielded cutting-edge biomedical
functions.

Compared with CNTs and graphene, GO has good
water solubility and biocompatibility. Thus, GO can be
used as a flexible Raman probe to image cells or tissues by
Raman mapping. In addition, thermal effects and sub-
sequent damage to cells or tissues can be minimized.
Therefore, based on SERS, GO is expected to become a
promising Raman imaging probe in vivo. As shown in Fig.
12a, b, a simple and highly repeatable procedure using GO
as a Raman probe based on the SERS imaging effect was
proposed. GO modified by AuNPs is internalized into a
single cell, providing a local sensing level in the subcell.
Because of the SERS effect, the sensitivity is greatly
improved, and the capture time is effectively shortened.
These results indicate that the in situ modification of
AuNPs on GO nanosheets successfully triggers the SERS
effect, thus enhancing the Raman intensity of cells and
ultimately improving the Raman imaging of cells. Com-
bining AuNPs with CNTs is one good way to overcome
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the relatively long spectral acquisition times. An SWNT
has many unique optical properties. It is a new nanoprobe
widely explored in biomedical imaging and phototherapy.
Thus, Wang et al.>®® designed hybrid nanocomposites
composed of AuNP/SWNT conjugates coated with PEG
for in vitro Raman imaging (Fig. 12c, d). DNA-
functionalized SWNTs were modified by noble metal
(Ag or Au) NPs via an in situ phase synthesis method. The
method includes seed attachment, seed growth, and sur-
face modification with PEG, yielding SWNT-Ag-PEG and
SWNT-Au-PEG nanocomposites that are stable under
physiological environments (Fig. 12d). Using a NIR laser
as the excitation source, targeted Raman imaging of
cancer cells labeled with the folic acid (FA)-conjugated
SWNT-Au nanocomposite (SWNT-Au-PEG-FA) was
realized, and cancer imaging and therapy could thereby be
achieved (Fig. 12c). Compared with the nonenhanced
SWNT Raman probe, the image was obtained in a sig-
nificantly shorter time. Because of the strong surface
plasmon resonance absorption of the Au shell, SWNT-
Au-PEG-FA nanocomposites also have an obvious pho-
tothermal killing effect on cancer cells.

Disease diagnosis and therapy

Carbon nanomaterials, such as CNTs and graphene,
selectively accumulate in tumors according to electron
paramagnetic resonance and exhibit extremely high
intrinsic absorption in biotransparent windows located in
the NIR region (750—1700 nm)***?%, Graphene has NIR
absorption characteristics and is suitable for photo-
thermal therapy. The strong Raman signal makes it an
important Raman marker for bioimaging. SWCNTSs were
the first carbon nanomaterials used for photothermal
treatment®>?°*?%7_ In addition, the strong fluorescence
emission wavelength of carbon nanomaterials ranges from
visible light to the NIR-IR window, allowing simultaneous
imaging and treatment. Compared with other nanoma-
terials (including Au nanorods and nanospheres for
photothermal therapy), the use of carbon nanomaterials is
advantageous. First, through a proper surface modifica-
tion to prevent immune system recognition, CNTs and
graphene can circulate in vivo with half-lives approaching
several days, which is a significant improvement. The
possibility that intravenously injected carbon nanoma-
terials are trapped in the tumors leads to the super-high
tumor absorption levels. Second, CNTs and graphene
offer additional benefits because they are ideal for strong
light absorption in the NIR region, which has better tissue
penetration than light in the visible region®*>*°,

Materials for photothermal therapy*'® should be con-
sidered based on their high NIR absorption so that the
SERS substrate can absorb in the NIR spectrum to
increase the temperature of the surroundings and cause
target cell death'*>**"*!>, SERS has shown great potential
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in photothermal cancer therapy and photothermally
enhanced chemotherapy'®®. Tan and co-workers'*?
developed a simple CVD method to fabricate GIAN
nanostructures, which encapsulate Au nanocrystals

within a thin layer of graphene and were used for bioi-
maging and cancer therapy'*”. Figure 13 shows the
photothermal-enhanced chemotherapy progress with
GIAN. A thin layer of graphene is accurately deposited on



Liang et al. NPG Asia Materials (2021) 13:8

Page 26 of 36

Intensity (cnt)

“

1400 1500 1600 1700
Raman shift (cm™!)

Fig. 12 Typical GO and SWNT-based SERS platform for bioimaging. a Investigation of the cellular uptake mechanism of GO and Au/GO hybrids.
The left panels are optical images, while the right panels are the corresponding Raman images (scale bar: 5mm). b Optical (3, ¢, e, and g) and Raman
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Raman image is shown in each image above. d Schematic illustration of the synthetic procedure of SWNT-Au-PEG-FA nanocomposites as SERS
biosensors for bioimaging®®®. Copyright© 2012, American Chemical Society.

the surface of Au nanocrystals, which has unique prop-
erties. First, as a SERS substrate, GIAN quench the
background fluorescence and reduce the photo-
carbonization or photobleaching of the analyte. Second,
GIAN can be used for multimode imaging of cells based
on Raman scattering and NIR two-photon emission (Fig.
13b). Third, GIAN provide a platform for treatment with
anticancer drugs such as DOX (doxorubicin) (Fig. 13a).
Finally, their NIR absorption properties were combined
for GIAN photothermal therapy and chemotherapy. As
depicted in Fig. 13¢c, HeLa cells could be imaged by GIAN
TPL, whereas 95-C cells remained dark. It is believed that
the SPR of the Au core and two-photon absorption by the
graphene shell both contribute to the TPL signal, as bare
AuNPs and hollow carbon capsules both exhibit the TPL
effect. The controlled release of DOX in GIAN is achieved
by NIR heating, which significantly reduces the possibility
of side effects of chemotherapy. GIAN have a high specific
surface area, a stable thin shell structure and unique
optical and photothermal properties, which enable them
to have broad applications in biomedicine. These GIAN
show good stability in harsh environments. The thin
graphene shell shows a specific Raman character and can
be optimized for cell staining and imaging. Designing
aptamer-functionalized GIAN via strong IT-II interac-
tions can realize targeted cell imaging. The stained GIAN
with cancer cells under irradiation by an 808 nm laser can

kill the cancer cells effectively, suggesting that this SERS
substrate can be used for NIR photothermal therapies.

Single-cell detection and identification
Intracellular or extracellular single-cell analysis plays an
important role in elucidating cell diversity and hetero-
geneity and helps reveal the related pathways of cell
heterogeneity and disease status, which are concealed by a
large number of measurements. Compared with tradi-
tional culture-based detection methods, integrated nano-
technology biosensors have obvious advantages, such as
high-throughput, low detection limit, reduced sample size
and the possibility of being label-free, and are expected to
meet the needs of actual pathogen diagnosis analysis. In
addition, a plasma biosensor can be used conveniently
and quickly (within 5-15 min)*'*>~*'®, Single-cell detec-
tion and identification can be realized by relying on SERS
due to the fingerprint spectrogram, which combines easy
production at low cost with a high enhancement enabling
single-cell detection®'”~>**, The most common urinary
pathogens are detected by an unlabeled SERS-based
detection platform, and strain levels are distinguished by
using microarray immobilization coupled with in situ
AgNP synthesis and principal component analysis data to
identify individual bacterial cells. To use SERS for single-
cell detection steadily and reliably in practical applica-
tions, it is necessary to control the stability of
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nanostructures and plasma effects around hot spots, thus
limiting the fluctuation of SERS signals, which hinders the
repeatability”*"**?, This again demands a better under-
standing of the origins of the highly enhanced single-cell
signal. Dina et al.**> provided a label-free SERS-based
biosensor for Gram-negative and Gram-positive micro-
organism detection that reached the single-cell level. This
biosensor based on AgNPs displayed a rapid (within
5min) and label-free character without the use of anti-
bodies or other specific receptors.

As shown in Fig. 14a—c, a unique SERS-based non-
plasma biosensor platform was introduced that uses bio-
compatible self-assembled 3D interconnected carbon
nanonetworks to detect and differentiate HeLa cells and
fibroblasts in vitro. The schematic diagram in Fig. 14a
illustrates the composition of a 3D interconnected carbon
nanonetwork platform. In an atmospheric environment,
the surface of the graphite sheet is treated by a femtose-
cond laser, and photon energy-induced ionization is
introduced into the graphite sheet. A self-functional 3D
interconnected carbon nanonetwork = structure s

synthesized. Under the precise guidance of the program-
mable galvanometer scanner, the predetermined line
array is transferred to the graphite surface when the laser
beam of the scanner can move in two dimensions. The
surface of the graphite sample is ablated, and a vapor
plume containing NPs is formed by the laser treatment.
The charge-transfer mechanism principle and the 3D
interconnected nanocarbon web cluster uptake process by
both fibroblasts and HeLa cells during the incubation
period are shown in Fig. 14b. Cell uptake provides the
necessary local light field for ultrasensitive intracellular
detection. Figure 14c shows that both fibroblasts and
HelLa cells are present during incubation. The fluores-
cence microscopy result shows that interconnected car-
bon nanonetwork clusters are in the fibroblasts and HeLa
cells. This biosensitive platform attracts cells as a region
with high protein adsorption, and primary attachment
occurs.

Although several SERS sensors have been developed to
locally detect intracellular species levels, this technique is
still in the early stage of characterizing individual
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extracellular metabolites®**™>*”.  The application of

microwells, micromodes, microfluidic devices, and traps
in cell limitation and operation has achieved varying
degrees of success. Endogenous hot spot factors are an
effective way to improve SERS sensors by enhancing sig-
nals in restricted single cells”*®*~**!, Nolan et al.*** pio-
neered SERS flow cytometry to analyze SERS markers
attached to micron-sized beads or individual cells. Kang
et al”®? proposed a new technique, named targeted
plasmonically enhanced single-cell Raman/Rayleigh
spectroscopy. This technique can perform cell imaging
and molecular monitoring of target cell components (i.e.,
nucleus, cytoplasm, cell membrane, etc.) throughout the
cell cycle (Fig. 14d, e). A labeled graphene/AuNP SERS
platform, combined with multivariate analysis and prin-
cipal component analysis, was used to describe live, dead,
and burst colon cancer cells suspended in simulated body
fluids (Fig. 14d). Graphene sheets allow SERS hot spot
recognition and provide chemical enhancement for bio-
logical components. The study found unique fingerprints
of three different states of cells: burst, live, and dead,
which were used to distinguish p53+/+ from p53—/— cell
lines and to achieve the possibility of single gene differ-
entiation®®, Current noninvasive platforms usually rely
on the detection of cells or proteins from biological fluids
such as blood, which provides insufficient information on
the progression and metastasis of tumors. Therefore,
simultaneous detection of cancer cells and proteins can
further advance current cancer detection strategies. Reza
et al.”** used GO functionalization to increase the active
surface area and, more importantly, to reduce the func-
tional

steps for rapid detection. Alternating-current electro-
hydrodynamic fluid flow provides fine mixing to enhance
target—sensor interactions, thereby minimizing non-
specific binding and Se for multiple detections. They
detected cancer cells and monitored the heterogeneous
expression of cell surface proteins, which may be helpful
for the clinical identification of effective patient treatment.
Heterogeneous expression of human EGFR 2 protein on
the surface of a single cancer cell was reported. This
ability has great potential in clinical early cancer diagnosis
and treatment monitoring.

Conclusions and perspectives

The recent developments described in this review show
that carbon-based SERS biosensors are being increasingly
applied in biological science. SERS is a highly sensitive
technique that allows for the detection of molecules at
very low concentrations and provides rich structural
information in the detection of various biological samples
and diseases, including DNA, microRNA, protein, whole
blood, and bacteria; bioimaging; disease diagnosis or
therapy; and single-cell detection and identification.
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Nevertheless, there are still some opportunities and
challenges. For example, to synthesize carbon-based SERS
substrates with higher sensitivity and reproducibility,
researchers must be able to prepare high-performance
single NP-based SERS substrates, precisely control
the location of hot spots between particles, and generate
ultra-small labels for single molecules. Based on the
excellent electrical properties of carbon nanomaterials,
carbon-based SERS substrates combined with semi-
conductor chips and microelectronic processing tech-
nology will realize further developments in the flexible
microelectronic field and potentially be employed as
multifunctional biosensors with in situ analysis and
quantitative analysis abilities in vivo or other real appli-
cations. There is no doubt that graphene plays an
important role in SERS, and it is expected to enable a
breakthrough in future research to meet practical appli-
cations, although this cannot be completed in one action.
From an application perspective, the relationship between
the sensitivity, selectivity, and repeatability needs to be
carefully prioritized. With the deepening of environ-
mental problems and economic considerations in recent
years, green analytical chemistry has become a key area of
analytical chemistry, simplifying sample preparation and
measurement procedures to realize the dream of rapid
analysis and in situ real-time monitoring with carbon-
based SERS biosensors. In-depth study of carbon-related
Raman enhancement will help us understand not only
promising SERS substrates but also the CM.

Looking into the future, as depicted in Fig. 15, there is
a need to develop carbon-based SERS biosensors that
allow not only sensitive but also quantitative detection
of molecular biomarkers and live cells. In addition,
there is an urgent need to design carbon-based “smart”
SERS platforms as flexible and wearable SERS electro-
nics that can disassociate into small pieces for rapid
renal clearance. One of the ideal ways to achieve the
goal of in vivo vital sign monitoring is noninvasive
monitoring of human sweat secretion or blood detec-
tion. Due to the low target concentration, it is still a
great challenge to analyze substances in human secre-
tions and to develop ultrasensitive detection devices.
Lost-cost and miniaturized devices will facilitate the
adoption of SERS for medical applications or even for
point-of-care-testing clinical human applications.
Microfluidic chips are a new platform for controlling
fluids on the micron or nanometer scale. Miniaturiza-
tion, low reagent consumption, high efficiency, and easy
integration with other devices are the main advantages
of microfluidic chips. The combination of microfluidic
chips and SERS technologies gives SERS microfluidic
chips many competitive advantages, such as fast
detection speed, high sensitivity, good selectivity, small
sample volume, low cross-contamination, and simple
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operation. The integrated cross-cutting research on and
development of these two technologies has attracted
much attention. However, this combination technology
also faces some challenges, such as how to ensure the
uniformity of the SERS substrates to achieve accurate
quantification, and the processing cost of the SERS
substrate is still high. With the development of micro-
fabrication technology, microfluidic chip technology,
and droplet microfluidic technology, carbon-based
SERS microfluidic chips will continue to improve and
be rapidly developed toward portability, integration,
automation, and industrialization. We believe that the
function of carbon-based nanomaterials, intentionally
or not, will bring SERS to a new stage in the future.
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