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Abstract: Surface-enhanced Raman scattering (SERS), a powerful spectroscopic technique owing
to its abundant vibrational fingerprints, has been widely employed for the assay of analytes. It
is generally considered that one of the critical factors determining the SERS performance is the
property of the substrate materials. Apart from noble metal substrates, non-noble metal nanostruc-
tured materials, as emerging new substrates, have been extensively studied for SERS research by
virtue of their superior biocompatibility, good chemical stability, outstanding selectivity, and unique
physicochemical properties such as adjustable band structure and carrier concentration. Herein,
in this review, we summarized the research on the analytical application of non-noble metal SERS
substrates from three aspects. Firstly, we started with an introduction to the possible enhancement
mechanism of non-noble metal substrates. Then, as a guideline for substrates design, several main
types of materials, including carbon nanomaterials, transition metal dichalcogenides (TMDs), metal
oxides, metal-organic frameworks (MOFs), transition metal carbides and nitrides (MXenes), and
conjugated polymers were discussed. Finally, we especially emphasized their analytical application,
such as the detection of pollutants and biomarkers. Moreover, the challenges and attractive research
prospects of non-noble metal SERS substrates in practical application were proposed. This work
may arouse more awareness of the practical application of the non-noble metal material-based SERS
substrates, especially for bioanalysis.

Keywords: surface-enhanced Raman scattering; detection; non-noble metal nanomaterials substrate

1. Introduction

Surface-enhanced Raman scattering (SERS) has become an ideal approach for the
real-time detection of various samples due to the advantages of unique fingerprint iden-
tification, no sample pretreatment, rapid detection, and low reagent consumption [1–4].
In fact, of the various factors that affect SERS performance, the design and fabrication of
high-performance SERS substrates are the most critical to promoting the development of
SERS technology. Traditionally, noble metal nanomaterials of different shapes and sizes
have always been employed as SERS substrates, which can induce prominent localized
surface plasmon resonance (LSPR) under electromagnetic radiation, generating huge elec-
tromagnetic field nearby, thereby drastically enhancing Raman signals of target molecules
to achieve ultra-high SERS sensitivity [5,6]. As a promising complement to noble metal
substrates, the introduction of non-noble metal nanostructures has injected new vitality
into the traditional SERS and is of great significance for expanding the application of SERS.

So far, various non-noble metal nanomaterials with the advantages of high unifor-
mity, good chemical stability, and significant biocompatibility have been widely studied
as SERS substrates [7,8]. Compared to noble metal SERS substrates, they can not only
achieve efficient electromagnetic enhancement (EM) with a low damping rate and reduced
Ohmic loss [9–11] but also could adjust the charge transfer to achieve enhanced Raman
scattering [12]. Moreover, recent studies have also shown that chemical enhancement
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(CM) usually coexisted with EM in non-noble metal substrates, which indicated that the
substrates effectively combined with the two mechanisms were expected to achieve highly
sensitive SERS detection [13–15]. As a unique characteristic of non-noble metal nanomate-
rials, it can hinder the combination of electrons and holes by effectively transferring free
electrons. Thus, the fluorescence background of probe molecules was destroyed, further
improving the resolution of SERS detection [16,17]. Moreover, the high selectivity owing
to the CM effect of non-noble metal SERS substrates can distinguish specific molecules
from complex environments [18,19]. Based on this, non-noble metal nanomaterials, as the
promising candidate nanomaterials for SERS substrates, show a huge application prospect
in SERS detection. However, most reviews regarding non-noble metal SERS substrates are
focused on the summary of the material engineering, such as the category of substrates
and approaches to boost SERS performance, including morphology design, size adjust-
ment, defect engineering, crystallinity, and phase structure [10,12]. In fact, non-noble metal
SERS substrates also have practical application potential in many fields, but this aspect is
often ignored.

In this review, we concentrate on the latest application progress of SERS active non-
noble metal nanomaterials, as presented in Figure 1. Firstly, the enhancement mechanism
of non-noble metal materials was discussed briefly. Subsequently, several main types of
non-noble metal materials were introduced. Finally, as an important part of the review,
various promising applications of non-noble metal SERS substrates for the detection of
pollutants and biomarkers were summarized. Moreover, we proposed current challenges
and future perspectives of non-noble SERS substrates in practical detection with a view to
maximizing their great potential.
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2. Raman Enhancement Mechanism of Non-Noble Metal SERS Substrates

Due to the wide variation in material preparation and properties, the mechanism
of non-noble metal SERS substrates is relatively complex. According to the existing re-
search results, the two key mechanisms that are widely accepted for describing the SERS
enhancement effect include EM and CM [20,21].

EM is generally believed to result from the enhancement of local electromagnetic field
generation by the collective oscillations of plasma nanoparticles or rough surfaces with
surface roughness ranging from tens to hundreds of nanometers due to surface plasmon
resonance (SPR) [9,22,23]. For most non-noble metal nanomaterials, the surface plasma
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frequency (ωsp) rises in proportion to the electron density [24,25]. However, the electron
density is presumed to be small in the conduction band of them. Thus, it is often stated that
ωsp lies in the infrared. Fortunately, the bandgap and carrier concentration of most non-
precious metals is adjustable, resulting in an LSPR effect in the visible region. Meanwhile,
Mie scattering can enhance the electric field in non-noble metal micro- or nanostructures
at certain diameters. When the molecules adhered to the surface of non-noble metal
materials satisfy the excitation conditions of Mie resonance, the generated electric near-field
significantly enhances the coupling between the incident wave and the molecules, thereby
enhancing the Raman signal of the absorbed molecules [24–26]. Compared to EM, CM
mainly relies on the amplification of the Raman polarization tensor by chemical adsorption
of molecules on the surface of non-noble metal nanomaterials and plays a more critical
role in the Raman enhancement of non-noble metal SERS substrates. For the molecular-
non-noble metal nanomaterial system, the enhancement of CM mainly comes from charge
transfer (CT), which depends on the energy levels between a molecule and the substrate,
which results in the enhanced selectivity of the substrates towards the molecules [27,28].
When the CT occurred between the molecule and the substrate material, the molecular
polarizability and electron density distribution changed, resulting in the SERS effect [29].

In order to further improve the SERS performance of non-noble metal substrates, a
“coupled resonance” effect was proposed. It requires that the selection of the substrates-
molecule system and relevant experimental parameters must conform to the SERS rules
of producing synergistic resonance effects, including molecular resonance, substrates-
molecular CT resonance, and exciton resonance [30]. It is worth mentioning that exciton
resonance is also a unique electronic property of most non-noble metal materials, and the
SERS performance is also improved when the frequency of the incident light is close to the
exciton resonance frequency.

3. Classification of Non-Noble Metal SERS Substrates

As promising complements to the current most popular plasmonic metal SERS sub-
strates, non-noble metal materials have attracted more and more researchers to engage in
the SERS field due to their many appealing attributes. Firstly, we classified and summa-
rized non-noble metal SERS substrates, including carbon nanomaterials, transition metal
dichalcogenides (TMDs), metal oxides, metal-organic frameworks (MOFs), transition metal
carbides and nitrides (MXenes), and conjugated polymers.

3.1. Carbon Materials-Based SERS Substrates

Carbon materials have been widely employed as the SERS active substrates due
to their excellent surface uniformity and enhancement efficiency [31]. Graphene, as a
typical carbon material, is prone to coupling with biomolecules and aromatic chemicals
due to the presence of a large delocalized π bond and shows obvious merits as a SERS
substrate [32]. Ling et al. [33] first reported the SERS phenomenon on graphene surfaces
using phthalocyanine (Pc), rhodamine 6G (R6G), protoporphyrin IX (PPP), and crystal violet
(CV) as probe molecules in 2010 (Figure 2). Researchers have fabricated graphene with
higher SERS activity by doping or forming heterojunctions. For example, Feng et al. [34]
prepared nitrogen-doped graphene as a SERS substrate and confirmed that this substrate
had a lower SERS detection limit than graphene. Ghopry et al. [35] reported a graphene
heterostructure SERS substrate with high sensitivity. The detection range of R6G obtained
on the substrate is 5× 10−11~5× 10−12 M. In addition to graphene, its oxidized derivatives,
such as graphene oxide (GO), can also be used as SERS substrates. Singh et al. [36] used
GO and RGO sheets with large areas as SERS substrates for the detection of rhodamine B.
The result exhibited a high EF of 104 and a low detection limit of 10 nM.
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comparison of Raman signals of phthalocyanine deposited on graphene (red line) and on the SiO2/Si
substrate (blue line) at 632.8 nm excitation. Reprinted with permission from [33]. Copyright 2010
American Chemical Society.

3.2. TMDs-Based SERS Substrates

TMDs can be represented by a general formula MX2, in which M is a transition
metal atom (group III B-VIII), and X is a chalcogen atom (S, Se, Te). It has tunable optical
and electronic properties, resulting in many excellent photoelectric properties, including
SERS [37,38]. Molybdenum disulfide (MoS2) is the most typical material in TMDs. It was
also the first TMDs with SERS activity found by Ling et al. [39]. However, its enhancement
effect was low. Therefore, researchers have proposed different strategies to improve the
SERS performance of MoS2. Considering the layer-dependent effect of two-dimensional
(2D) MoS2, Lee et al. [40] demonstrated that the monolayer MoS2 produced the most
obvious Raman enhancement than 3 L and bulk MoS2. Moreover, Li et al. [41] achieved
efficient CT from MoS2 to probe molecules by adjusting the interlayer distance of MoS2 and
obtained an EF as high as 5.31× 105 (Figure 3). Majee et al. [42] prepared interconnected and
vertically oriented few-layer MoS2 nanosheets (NTNs) as an ultrasensitive SERS substrate
by adjusting the growth arrangement mode of MoS2. In addition to the above methods,
other methods, including defect/active site induction [43], chemical doping [44], and
heterostructure design [45], are also useful in improving the SERS performance of MoS2.
The study of MoS2 SERS activity has opened the way to study the SERS enhancement of
TMDs. Subsequently, a series of TMDs with complex band structures and rich electronic
states have been explored, such as SnS2, MoTe2, NbTe2, and so on [46–48].
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3.3. Metal Oxide-Based Substrates

The promising properties such as physio-chemical stability, high uniformity, high
refractive index, and tunable band gap of metal oxide make them excellent SERS sub-
strates [49]. As early as 1982, Yamada et al. observed the SERS effect on the surface of
NiO and TiO2 [50,51]. With the continuous gushing of metal oxides, it was proved that
many metal oxide materials exhibit SERS activity, including ZnO, Fe3O4, Cu2O, MoO2,
WO3, VO2, Nb2O5, Ta2O5, Ti3O5, etc. [10]. Among them, MoO2 is considered to be an
ideal material for SERS substrate because it has a large number of free electrons, which
can lead to the formation of the LSPR effect [52]. Wu et al. [53] synthesized ultrathin
MoO2 nanosheets (NTNs) as a SERS substrate; they demonstrated that the substrate has
superior signal uniformity in the whole area with a limit of detectable concentration down
to 4 × 10−8 M and EF up to 2.1 × 105. Moreover, Miao et al. [54] revealed enhanced SERS
signals of probe molecules on defect-rich VO2 NTNs. Moreover, Li et al. [55] obtained
novel quasi-metallic γ-Ti3O5 with a strong LSPR effect by reducing TiO2 microspheres
and using it as a SERS substrate. The results showed that the reduced γ-Ti3O5 showed a
10,000-times increase in SERS sensitivity compared to TiO2 microspheres, and the lowest
detectable limit is up to 10−10 M (Figure 4). In fact, in addition to fabricating novel metal
oxide substrates with high SERS activity, it is also an effective strategy to explore their
enhancement mechanism to improve their sensitivity. The crystallinity of metal oxides can
affect SERS performance by adjusting the CT process. Compared with crystalline metal
oxides, amorphous structures are more conducive to the electron transfer process [10,56].
This could be ascribed to the fact that amorphous structures can reduce electron confine-
ment, improve light scattering (such as ZnO nanocages), or enhance molecular adsorption
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(such as MoO3−x quantum dots). In addition, the SERS substrates of sub-stoichiometric
metal oxides have rich defect electronic states associated with surface oxygen vacancies,
which can synergistically enhance excitons and CT resonance, providing new and efficient
charge escape, thus improving SERS sensitivity [57,58].
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3.4. MOFs-Based Substrates

MOFs are a new class of hybrid organic-inorganic supramolecular materials that
have a large surface area, porous properties, chemical stability, and uniform and tunable
nanostructured cavities, which strongly favor potential use as a substrate [59–61]. Although
the SERS phenomenon based on noble metals and MOF hybrids has been discussed [62–64],
MOF materials are generally regarded as a template to load tightly ordered and well-
dispersed SERS-active NPs, and it is believed that the SERS enhancement resulted from the
contributions of noble metal particles. Until Yu et al. [65] reported the SERS enhancement
phenomenon of methyl orange molecule on the surface of MOFs in 2013 (MIL-100 and
MIL-101), thereafter, with the continuous exploration of MOF materials, the exploration
of their SERS activity also received attention. Sun et al. [66] achieved the transformation
of MOF materials from non-SERS active substrates to SERS active substrates by careful
modulation of metal centers, organic ligands, and framework topologies and obtained an
EF of up to 106 (Figure 5). Moreover, Fu et al. [67] reported MIL-100 (Fe) as a SERS substrate
with high SERS activity.
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3.5. MXene-Based Substrates

MXenes, composed of transition metal carbides/nitrides, is a kind of semi-metal
material with high electric conductivity and has the ability to generate plasmon resonance
in the visible or near-infrared range. These unparalleled properties render them promising
candidates for SERS substrates [32,68,69]. Sarycheva et al. [69] first demonstrated that 2D
Ti3C2Tx MXene as a SERS substrate exhibited good SERS activity with an EF of up to 106.
An important potential advantage of MXenes is the ability to deposit materials on different
substrates, including flexible materials. Soundiraraju et al. [70] prepared different SERS
substrates based on paper, silicon, and glass by loading Ti2NTx onto them. The results
showed that Ti2NTx had the highest enhancement efficiency up to 1012 on paper-based
substrates (Figure 6). In addition, Yang et al. [71] introduced ultraflexible characteristics of
Ti3C2Tx MXene into SERS microfluidic chips, which significantly improved the detection
sensitivity of SERS microfluidic sensors. Although the development of MXene-based
substrates is still in the first stages, according to the current reported results, MXene
materials will become promising novel SERS substrates.
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3.6. Conjugated Polymers-Based Substrates

Conjugated polymers are organic macromolecules that have attractive optical proper-
ties due to the delocalized π electron cloud on their main chain [27,72]. It is considered a
promising new type of non-noble metal SERS substrate. Among them, covalent organic
frameworks (COFs), as a newly emerging material of conjugated polymer, have been
widely concerned by researchers in the SERS field due to their high specific surface area,
excellent thermal stability, and abundant surface functional groups [73,74]. In particu-
lar, small molecule screening can be realized based on the synergistic effect of pore and
surface functional groups of COFs materials. It was helpful to improve the selectivity of
SERS detection. Nevertheless, the Raman enhancement ability of COFs substrates is much
lower than inorganic and noble metal SERS substrates. At present, in order to gain a high
analytical sensitivity, metal-COFs composites were introduced into SERS-based assays.

4. Non-Noble Metal Materials for Analytical Application

Non-noble metal nanomaterials have recently been widely used as SERS substrates
in various fields due to their particular advantages. For example, they have abundant
surface sites that are different from noble metal materials, which provide a large number of
coordination sites for the modification and functionalization of other molecules. Meanwhile,
the combination of the two can further improve the stability of the modified molecules on
the non-noble metal materials surface. In addition, non-noble metal materials can also be
used as flexible substrates, which makes it possible to in situ detect pesticide residues on the
surface of fruits and vegetables. The good biocompatibility of non-noble metal substrates
especially makes them produce great breakthroughs in bioimaging, cancer diagnosis, and
treatment [75–77]. It should be mentioned that the unique catalytic properties of non-noble
metal materials also enable the development of renewable materials. Herein, in this section,



Chemosensors 2023, 11, 427 8 of 22

we will give a detailed introduction to the recent application of non-noble metal materials
as SERS substrates in different fields.

4.1. Detection of Pollutants

The increase in pollutants such as volatile organic compounds (VOCs), heavy metal
ions, and antibiotics every year has created an enormous burden threatening ecological
cycles and public health. Thus, the detection of them was given high priority. SERS,
as a universal analytical technique, has been considered a label-free and ultra-sensitive
detection tool for the detection of a wide range of adsorbent molecules [78–80]. As SERS
substrates with important and promising at present, non-noble metal nanomaterials have
the advantages of being environmentally friendly, non-energy intensive, nontoxic, and
cost-friendly, and have wide application prospects in pollutant detection. Some of these non-
noble metal SERS substrates have a large surface area, which can achieve high enrichment
of heavy metal ions and gases, thus improving their detection sensitivity. In addition, the
inter-band-gap states electrons of non-noble metal substrates with band gaps can promote
the reduction of the redox potential of the ions couple, resulting in the change of valence
states of heavy metal ions so as to achieve the selective detection of them.

4.1.1. Detection of VOCs

Yang et al. [71] prepared SERS substrate by adhering ultraflexible Ti3C2Tx MXene
onto the surface of three-dimensional (3D) honeycomb arrays and introduced them into
microfluidic chips (Figure 7a). Ti3C2Tx MXene has a universal high adsorption efficiency
of various gases, and its super flexible well retained the sophisticated nanomicrostructure
that generated the vortex fields to extend the molecule residence time and kept the analytes
inside the SERS-active hot spots, leading to the increased sensitivity. Thus, three typical
VOCs with different functional groups, including 2, 4-dinitrotoluene (DNT), and benzalde-
hyde and indole, can be achieved by the SERS-vortexene chip with high repeatability. The
LODs for DNT, benzaldehyde, and indole were about 10, 10, and 50 ppb, respectively.

4.1.2. Detection of Heavy Metal Ions

Lead, arsenic, mercury, and other heavy metals are not only the most toxic contami-
nants but they are considered human carcinogens [81,82]. In order to effectively monitor
the above-mentioned heavy metal pollutants, a great deal of work based on SERS detection
has been reported. For example, Zhang et al. [83] prepared ZnO submicron flowers (ZnO
SFs) as a substrate for sensitive detection of Pb2+. The ZnO SFs substrate exhibited a
narrower energy band, which promoted the coupling resonance of the molecular-substrate
system, thus improving the CT efficiency and achieving a significant SERS enhancement
effect. Furthermore, by utilizing the free-legged DNA walker amplification strategy, an
ultrasensitive biosensor was constructed to monitor Pb2+. The experimental data demon-
strated that this biosensor could efficiently determine Pb2+ with a low detection of 3.55
pM. Similarly, Parveen et al. [84] used ZnO nanoparticles (NPs) functionalized single-wall
carbon nanotubes (SWCNTs) as a nanocomposite SERS sensor for the detection of Pb2+ ions
in an aqueous medium. The prepared sensor exhibited high selectivity and low limit of
detection for Pb2+ ions (0.225 nM). In addition, a dye-sensitized non-noble metal colloid
system can also show synergistic effects in the detection of metal ions. Ji et al. [85] reported
an example of using alizarin red S (ARS) sensitized colloidal TiO2 NPs as a SERS substrate
for the detection of Cr (VI) in water. In the presence of Cr (VI), the ARS molecule stably
adsorbed on the surface of colloidal TiO2 NPs can achieve self-degradation, leading to the
decrease of SERS signal intensity. The detection of Cr (VI) can be achieved by monitoring
the SERS intensity of the ARS probe molecule. This ARS-TiO2 complex could be further
applied to the detection of Cr (VI) in environmental samples.



Chemosensors 2023, 11, 427 9 of 22

4.1.3. Detection of Antibiotics

Antibiotic chemicals are not only an important source of water pollution, but also
the existence of excessive antibiotics can cause the problem of antibiotic resistance, which
poses a serious threat to human and animal health [86,87]. Therefore, ensuring the ra-
tional use of antibiotics and effective monitoring has always been the focus of research.
Recent studies have shown that antibiotics can be effectively detected by non-noble metal
SERS substrates. For example, Wang et al. [48] prepared 2D niobium ditelluride (NbTe2)
nanosheets (NTNs) for the detection of ciprofloxacin (CIP) and enrofloxacin (ENR) antibi-
otics molecules (Figure 7b). Based on the fluorescence quenching effect of NbTe2 NTNs
and CT between the analytes, the ultrasensitive detection of CIP and ENR was achieved.
The LODs were 35.1 and 35.9 ppb, respectively. In addition, Singh et al. [88] synthesized
3D MoS2 nanoflowers (NFs) with tunable surface area (5–20 m2/g) as a SERS substrate to
realize ultrafast SERS detection of various antibiotics. In particular, MoS2 NFs have a nar-
row bandgap and high specific surface area, which significantly enhances light-harvesting
and adsorption capability, leading to the improvement of their photodegradation behavior.
Therefore, the photocatalytic degradation experiment-based SERS monitoring was real-
ized. The results showed that even a very low amount (0.025 mg) of MoS2 NFs (20 m2/g)
can tremendously decompose oxytetracycline hydrochloride (OTC-HCl) molecules within
60 min under visible light.

4.1.4. Detection of Pesticide Residues

The excessive use of pesticides has gained increasing attention in recent years owing
to their enormous menace to human health. SERS is a useful ultrasensitivity detection tool,
which is of great significance for the monitoring of pesticide residue levels. As excellent
SERS substrates for the detection of pesticide residues, non-noble metal nanomaterials not
only exhibited trace level SERS response but also could be used for in situ detection of
pesticide residues on the surface of fruits and vegetables. For example, Zhang et al. [89]
prepared a plasmonic MoO2 nanosphere as a highly sensitive SERS substrate for the
detection of various pesticides (Figure 7c). In order to verify the feasibility of this substrate
in practical application, clenbuterol hydrochloride (CH), methyl parathion (MP), and 2,
4-dichlorophenoxyacetic acid (2, 4-D) were chosen as pesticide models. Experimental
data indicated that this substrate could achieve the quantification of the above pesticide
models with a LOD of 10−7 M. Another balsam pear-shaped CuO with dense nanoparticle
protuberance was reported by Liang et al. [90]. In their work, the paraquat solution
was taken as an example. Attributed to the CuO substrate’s unique shape and rough
surface, more “hot spots” were generated on the particle surface, which significantly
enhanced the SERS effect. This substrate could detect paraquat with a detection limit
of 275 µg L−1. Moreover, Quan et al. [91] successfully prepared MoS2/TiO2 substrate
(MTi20) assembled from MoS2 nanoflowers (NFs) and TiO2 NPs, which exhibited ultra-
high SERS response to α-endosulfan, the LOD of α-endosulfan can reach 10−8 M. In
addition, Gokulakrishnan et al. [92] fabricated a flexible rGO SERS active substrate for
in situ detection of thiabendazole (TBZ). Owning to the large surface area, the flexible
rGO SERS substrate could detect TBZ with a LOD of 1 nM. Furthermore, they further
demonstrated that the flexible SERS substrates could also be used for detecting pesticides
on target surfaces with complex geometries like fruits, leaves, and vegetables.

Table 1 summarizes the SERS detection results of non-noble metal substrates for
various pollutants above-mentioned, such as VOCs, heavy metal ions, antibiotics, and
pesticide residues.
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Table 1. A summary of non-noble meta-based SERS substrates for pollutant detection is mentioned
in this review.

SERS
Substrate

Enhancement
Mechanism Target Linear

Range LOD Ref

Honeycomb-like
3D Ti3C2Tx

Synergistic effect of strong
adsorption capacity of substrate
and EM

Benzaldehyde
2, 4-dinitrotoluene

indole
/

10 ppb
10 ppb
50 ppb

[71]

ZnO SFs Synergistic effect of CT and Mie
resonance enhancement Pb2+ 10 pM–100 µM 3.55 pM [83]
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Table 1. Cont.

SERS
Substrate

Enhancement
Mechanism Target Linear

Range LOD Ref

ZnO@SWCNTs

Synergistic effect of “hot spot”
generated by intertube and
interparticle coupling, as well as
CT enhancement

Pb2+ 0.01–100 µM 0.225 nM [84]

ARS-TiO2
complexes CT enhancement Cr (VI) 0.6–10 mM 0.6 mM [85]

NbTe2 NTNs
Synergistic effect of CT
enhancement and fluorescence
quenching effect of substrate

Ciprofloxacin
enrofloxacin 351 ppm–35.1 ppb 35.1 ppb

35.9 ppb [48]

3D-MoS2 NFs
Synergistic effect of effective
enrichment capability of
substrate and CT enhancement

Oxytetracycline
hydrochloride / / [88]

MoO2
nanospheres

LSPR effect in the visible and
near-infrared (NIR) range

Clenbuterol hydrochloride
methyl parathion

2,4-
dichlorophenoxyacetic acid

10−7–10−4 M 10−7 M [89]

Balsam
pear-shaped CuO

Synergistic effect of EM and
CT enhancement Paraquat 10−7–10−3 M 10−7 M [90]

MTi20 Interfacial CT enhancement α-endosulfan 10−8–10−4 M 10−8 M [91]

Flexible rGO
Synergistic effect of effective
enrichment of substrate and
CT enhancement

Thiabendazole 10−9–10−3 M 10−9 M [92]

4.2. Detection of Biomarkers

Currently, cancer remains one of the most serious health problems in the world
and the leading cause of death [93,94]. Therefore, the realization of cancer screening is
particularly important, which can help find early cancers and improve survival. Among the
many detection techniques, SERS is a trace detection technique with a unique fingerprint
spectrum, and its application can even be extended to a single molecule detection level.
As a good candidate for studying and simulating biological reactions, non-noble metal
SERS substrates can not only serve as a potential interface for immobilizing biomolecules
but also maintain their biological activity. In this way, tumor markers, including protein,
nucleic acid, and circulating tumor cells (CTCs), can be monitored by non-noble metals
SERS substrates to achieve early screening of cancers.

4.2.1. Detection of Protein Tumor Markers

As an example of carbohydrate antigen 19-9 (CA19-9), which has been a widely used
clinical protein marker of cancer in human serum, Jiang et al. [16] designed a SERS-based
immunoassay mediated by MoS2 for the sensitive and specific monitoring of carbohydrate
antigen CA19-9. In their work, the corresponding antibodies absorbed on the MoS2 NTNs
and MoS2 NFs modified by the probe molecule R6G, respectively. Thus, a sandwich
immunostructure was constructed by the specific recognition of anti-CA19-9 and target
CA19-9. The concentration of target CA19-9 was indirectly reflected by the intensity
variation of the SERS signal of R6G. The sandwich immunostructure could detect target
CA19-9 with a LOD of 3.43 × 10−4 IU·mL−1. Furthermore, it could also be used for target
CA19-9 detection in several clinical patient serum samples, which had higher sensitivity
compared with the conventional chemiluminescent immunoassay (CLIA) strategy. Using
a similar principle of specific recognition, Liu et al. [95] designed methylene blue (MB)
modified aptamer attached to the tungsten trioxide (WO3) film for the SERS detection
of glioblastoma biomarkers vascular endothelial growth factor (VEGF) in human serum
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samples. In their work, MB-modified aptamer serves as a SERS signal source. After the
aptamer specifically linked to VEGF, it folded into a conformationally restricted stem-loop
structure, forcing the MB molecule to contact the substrate, which leads to a significant
enhancement of SERS signals, thus achieving sensitive detection of VEGF. The proposed
aptasensor could detect VEGF with high selectivity, while the detection limit was down to
8.7 pg·mL−1.

4.2.2. Detection of MicroRNAs

MicroRNAs (miRNA) is a noncoding single-stranded RNA molecule with approx-
imately 18–25 nucleotides and has been verified as promising biomarkers for cancer di-
agnosis [96,97]. For example, Jiang et al. [98] developed a 3D WO3 hollow microsphere
as a SERS-active substrate for miRNA 155 detection (Figure 8a). The 3D WO3 hollow
microsphere with a small band gap and rich surface defects promoted an increase in CT,
resulting in a large SERS enhancement. Then, by employing a catalytic hairpin assembly
(CHA) strategy, a SERS biosensor based on a 3D WO3 hollow microsphere was constructed
for the sensitive detection of miRNA 155 with a LOD of 0.18 fM. In order to verify the
feasibility of this biosensor, miRNA 155 from HeLa (cervical cancer cells) and MDA-MB-231
(human breast cancer cells) were chosen as models. Experimental data proved that this
biosensor could achieve the detection of miRNA 155 in actual samples. Similar to the above
miRNA 155 detection, Liu et al. [99] developed a multifunctional SERS platform composed
of hexagonal boron nitride nanosheets (h-BNNS), HG DNA oligonucleotide, and copper(II)
phthalocyanine (CuPc) (CuPc@HG@BN) for the detection of miR-21. Benefiting from the
circle amplification of miRNA and the high SERS effect of hBNNS, the detection of miR-21
in live cells can be realized as low as 0.7 fM.

4.2.3. Detection of Cancer Cells

Circulating tumor cells (CTCs) are shed by the primary tumor, representing the charac-
teristics of a certain tumor and playing a central role in tumor dissemination and metastases.
Therefore, their detection and analysis can be very valuable in the early diagnosis of can-
cer [100,101]. Recently, Xu et al. [102] reported a TiO2-based nontoxicity SERS bioprobe
for CTCs detection. They used reduced bovine serum protein (rBSA) and folic acid (FA)
to functionalize TiO2 NPs and used 4-mercaptobenzoic acid (4-MBA) adsorbed on the
surface of TiO2 NPs as a signal molecule. Benefiting from the high targeting ability of
FA towards cancer cells overexpress FR, the proposed SERS bioprobe can be effectively
identified different kinds of cancer cells in rabbit blood, which has a LOD of 1 cell/mL.
Due to the high efficiency of interfacial photo-induced charge transfer (PICT) and strong
vibration coupling effect, the amorphous nanomaterial-molecular system has significant
SERS activity. Inspired by this, Lin et al. [56] designed black TiO2 NPs (B-TiO2 NPs) with
crystal-amorphous core–shell structures for the precision diagnosis and treatment of cancer.
The feasibility of applying the high-sensitivity SERS bioprobe based on B-TiO2 NPs modi-
fied with Alizarin red (AR) signal molecule, polydopamine (PD) layer, and an antibody (AB)
was verified by the detection of MCF-7 drug-resistant (MCF-7/ADR) breast cancer cells
(Figure 8b). Based on of FA specific recognition and ultrahigh SERS activity of B-TiO2 NPs,
a novel strategy that combined microfilter CTC isolation and SERS bioprobe detection for
in situ isolating and directly detecting CTCs from peripheral blood at single-cell resolution
was proposed by Xu et al. [103] The SERS bioprobe was composed by Raman reporting
molecule AR and FA functionalized B-TiO2 NPs. Benefiting by rapid separation of microfil-
ters and the high sensitivity of SERS spectroscopy, the SERS bioprobe of B-TiO2-AR-PEG-FA
could distinguish FR-positive CTCs from peripheral blood cells efficiently within 1.5 h,
and the LOD of CTCs in rabbit blood can reach to 2 cells/mL. Furthermore, this strategy
has also been successfully detected in blood samples from cancer patients. In addition,
Feng et al. [104] fabricated ternary heterostructure Fe3O4@GO@TiO2 (MGT) NC and used
it to develop a robust SERS probe for the sensitive and selective detection of triple-negative
breast cancer cells (TNBCs). In their work, Abs can adsorb on the surface of MGT, and the
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cancer cells can be specifically captured by MGT-ABs. The introduction of CuPc molecules
can reflect the SERS signals in the detection system. In this way, TNBCs models such as
HCC38, MDA-MB-231, and MCF-7 detection can be monitored by the MGT-Abs-CuPc
nanoprobe, and the LOD of HCC38 cell was calculated to be ~3 cells. Different from the
above studies on TiO2-based CTC SERS detection, Haldavnekar et al. [105] introduced a
quantum-size 3D ZnO SERS probe for the first time in the study of labeling-free in vitro
diagnosis of cancer. Due to the significant reduction of the probe size, the surface defects,
such as oxygen vacancies and stacking faults, resulted in a unique exponential increase in
SERS. The in vitro sensing of the 3D ZnO SERS probes was demonstrated by successfully
distinguishing between cancer and non-cancer cells based on the ratio of peak intensities of
lipids and proteins (I1445/I1654).

4.2.4. Detection of Other Biomarkers

SERS is very promising for identifying disease markers due to its unique fingerprint
spectrum, high sensitivity, and large dynamic range detection [106]. To pursue more excel-
lent biocompatibility with biological samples and spectral stability as well as reproducibility,
non-noble metal substrates have been gradually applied to detect various disease markers.
Huang et al. [107] implemented a signal enhancement strategy featuring graphene as a
substrate for the label-free detection of key blood constituent hemoglobin (Hb) and albumin
(Alb) (Figure 8c). This is the first time demonstrated that the Raman signal of biomolecules
was enhanced when contacted with graphene. Similarly, Dharmalingam et al. [108] pro-
posed the concept of atomic defect enhancement for quantum probe Raman scattering
(DERS) at the molecular level detection. They significantly improved the sensitivity of
DERS probes by introducing high concentrations of atomic scale defects into non-plasma
quantum size probes (TiO2-x). Thus, the obtained DERS probes could be used for the
label-free Raman detection of biomarkers such as ATP and EGFR peptides with low Raman
cross-sections. Moreover, graphene-like nanomaterials such as MoS2 have been used to
detect biomolecules. Typically, Su et al. [109] successfully synthesized Ni-doped MoS2
NFs (Ni-MoS2 NFs) for bilirubin detection in serum. The experimental analysis results
showed that the Ni-MoS2 NFs SERS substrate could detect bilirubin in serum samples with
a detection limit as low as 10−7 M. In addition to the detection of biomarkers in the blood
samples, Fu et al. [67] prepared an excellent SERS active substrate MIL-100 (Fe). Because of
MIL-100 (Fe) unique “array sensing” characteristics, it has been successfully used for the
sensitive detection of gas biomarkers of lung cancer, such as 4-ethylbenzaldehyde, acetone,
and isopropanol.

Severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) is a highly infectious
virus serious that poses a serious threat to human health [110,111]. Therefore, achieving
rapid, ultrasensitive, and highly reliable detection of SARS-CoV-2 in patients’ bodies is of
great significance for controlling the epidemic. Peng et al. [46] designed a spherical SnS2
with the “nano-canyon” morphology as a SERS substrate for the detection of SARS-CoV-2
S protein and RNA to recognize and diagnose SARS-CoV-2. Benefiting from the unique
nano-canyon structure, the capillary effect generated on the surface of SnS2 microspheres
can significantly enrich the detection molecules. At the same time, the synergistic effect
of CM can achieve the EF of MB up to 3.0 × 108 and can identify various physical forms
of SARS-CoV-2 with high sensitivity. This result exhibited that the EF and LOD achieved
here even much better than most reported noble metal-based SERS substrates (Table 2).
In addition to the SnS2 microspheres mentioned above, Peng et al. [15] also reported
semi-metal material Nb2C and Ta2C MXenes with remarkable SERS enhancement as SERS
substrates for SARS-CoV-2 spike protein detection. As compared with Nb2C, the Ta2C
substrate had a better selective SERS-enhanced effect on molecules. Therefore, Ta2C was
chosen as a model substrate for the detection of SARS-CoV-2 S protein. The detection limit
of SARS-CoV-2 S protein was as low as 5× 10−9 M. Similarly, Fraser et al. [47] prepared few-
layered MoTe2 films as a SERS substrate for β-sitosterol detection in a complex cell culture
media. Among others, Li et al. [112] reported 2D hafnium ditelluride (HfTe2) as a new
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label-free SERS substrate to detect trace uric acid, the important biomarker for gout disease,
which demonstrated a reliable LOD of 10−4 M. In addition, Sun et al. [113] proposed to
use the photo-excited D-MIL-125-NH2 material, which could obtain stable photo-induced
oxygen vacancy (PIVo) defect as a SERS substrate for the detection of disease markers. In
order to evaluate the SERS activity of the D-MIL-125-NH2 substrate, dopamine was chosen
as a probe molecule. It was reported that the detection of dopamine has been linked to
the diagnosis of various diseases, such as Parkinson’s disease [114,115]. The experimental
data demonstrated that this SERS substrate could efficiently determine dopamine with a
detection limit of 6.6 × 10−7 M, which were two orders of magnitude lower than the lowest
concentrations of dopamine detected on photo-excited TiO2 particles.
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Figure 8. (a) Schematic diagram of the SERS Biosensor for the detection of miRNA 155. (b) Schematic
diagram of the design process for B-TiO2 bioprobe and their application. (c) Illustration of the GERS
measurement and the Raman spectra of hemoglobin in contact with and in absence of graphene
measured under 633 nm excitation laser. The graphene G bands at around 1582 cm−1 are labeled with
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from [98]. Copyright 2022 American Chemical Society. (b) Reprinted with permission from [56].
Copyright 2019 American Chemical Society. (c) Reprinted with permission from [107]. Copyright
2018 American Chemical Society.
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Table 2. SERS-active substrates used for the detection of SARS-CoV-2S protein and reported
SERS performance.

SERS Substrates Target LODs
Reported

SERS Performance Ref
Molecules EF

SnS2 microspheres

SARS-CoV-2S
protein

10−14 M MB 3.0 × 108 [46]

Ta2C 5 × 10−9 M CV 1.4 × 106 [15]

Bumpy core–shell
Au NPs 7.1 × 10−16 M 4-NBT 2.1 × 108 to

2.2 × 109 [116]

Au/MgF2/Au 3.7 × 10−12 M MB 2.0 × 105 [117]

Au NPLs/PDMS 2.6 × 10−10 M R6G 6.4 × 107 [118]

Au-TiO2 10−10 M R6G / [119]

Au–Ag
hollow nanoshells 7.5 × 10−15 M 4-MBA / [120]

Table 3 summarizes the SERS detection results of non-noble metal substrates for the
above-mentioned biomarkers.

Table 3. A summary of non-noble meta-based SERS substrates for biomarkers detection mentioned
in this review.

SERS
Substrate

Enhancement
Mechanism Target Linear

Range LOD Ref

MoS2 NFs
Synergistic effect of effective
enrichment of substrate and
laser-induced CT resonances

CA-199 5 × 10−4–1 × 102

IU·mL−1 3.43 × 10−4 IU·mL−1 [16]

WO3 film CT enhancement VEGF 10–250 pg/mL 8.7 pg/mL. [95]

3D WO3 hollow
microsphere CT enhancement miRNA 155 1 fM–100 pM 0.18 fM [98]

CuPc@HG@BN Interface dipole interaction miR-21 1.6 fM–2.8 pM 0.7 fM [99]

TiO2-AR
-rBSA-FA

Synergistic effect of strong
vibration coupling resonance and
PICT enhancement

SY5Y
H226KYSE-150

HeLa
/ 1 cell/mL [102]

B-TiO2-AR-PD-PEG-
AB

Synergistic effect of interfacial
PICT and PICT resonance as well
as strong vibronic coupling in
amorphous shell-molecule system

MCF-7MCF-7
drug-resistant

(MCF-7/ADR) breast
cancer cells

/ / [103]

B-TiO2-AR
-PEG-FA

Synergistic effect of interfacial
PICT and PICT resonance as well
as strong vibronic coupling in
amorphous shell-molecule system

MCF-7(folate
receptor (FR)

positive),
A549

Raw264.7
(FR negative)

1–100 cells/mL
(MCF-7) 2 cells/mL (MCF-7) [56]

MGT-ABs-CuPc
Synergistic effect of enrichment
from a porous TiO2 shell and CT
enhancement

HCC38
MDA-MB-231

MCF-7

5 × 102–5 × 105 cells
5 × 102–106 cells

5 × 103–5 × 104 cells

3 cells
/
/

[104]

3D ZnO quantum Synergistic effect of SPR effect
and CT enhancement

MDAMB231
HeLa

NIH3T3
/ / [105]

Graphene
Synergistic effect of CT
enhancement and π-π interaction
between probe and graphene

Hemoglobin
albumin / / [107]

Quantum-size TiO2-x

Synergistic effect of effective
enrichment of substrate and
laser-induced CT resonances

ATP
EGFR / / [108]
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Table 3. Cont.

SERS
Substrate

Enhancement
Mechanism Target Linear

Range LOD Ref

Ni-MoS2 NFs

Synergistic effect of effective
enrichment of substrate and CT
enhancement as well we interface
dipole–dipole interaction

Bilirubin 10−7–10−3 M 10−7 M [109]

SnS2 microspheres
Synergistic effect of the molecular
enrichment caused by capillary
effect and CT enhancement

SARS-CoV-2 S
protein,

SARS-CoV S protein,
SARS-CoV-2 RNA

10−14–10−6 M
104–107 copies/mL
104–106 copies/mL

10−14 M
107 copies/mL
106 copies/mL

[46]

Ta2C Synergistic effect of PICT
resonance enhancement and EM

SARS-CoV-2 S
protein / 5 × 10−9 M [15]

1T′-MoTe2 CT enhancement β-sitosterol 10−9–10−4 M 10−9 M [47]

Few-layered HfTe2 CT enhancement Uric acid 100 µM–1 mM 100 µM [117]

D-MIL-125-NH2

Photo-induced oxygen vacancy
detection in D-MIL-125-NH2
results in modified energy bands
to boost both the inter-valence CT
within MOFs and interfacial
CT transitions

Dopamine 6.6 × 10−4–6.6 ×
10−7 M 6.6 × 10−7 M [118]

5. Conclusions and Prospects

Non-noble metal nanomaterials have become the most promising SERS substrates
due to their unique physicochemical properties. Although significantly fewer studies
have been focused on their practical application compared with noble metals-based SERS
substrates, they have shown their own advantages in addressing the challenges related to
conventional SERS substrates and expanding the scope of SERS detection. In this review,
we briefly summarized the enhancement mechanism of non-noble metal SERS substrates.
Several main types of materials were also briefly reviewed. The latest application progress
of non-noble metal materials based on SERS technology for the detection of pollutants
and biomarkers in recent years is highlighted and discussed in detail. Although many
innovative works have been completed, non-noble metal SERS substrates are still facing
many limitations and require perpetual efforts in SERS detection. The following three
aspects should be considered for the design of non-noble metal SERS substrates.

(1) The lower detection sensitivity of most non-noble metal SERS substrates compared
to noble metal SERS substrates (Au and Ag) is the main limiting factor for their
applications. Therefore, the development of non-noble metal SERS substrates with
high sensitivity can be made possible through the ability to rationally tune the multi-
parametric combination of resonance conditions for the target;

(2) The enhancement mechanism of non-noble metal SERS substrates is still needed to
fully understand. Although more and more non-noble metal nanomaterials have been
proposed, their enhancement mechanisms are different due to their various nanos-
tructure and physicochemical properties. So far, the understanding of enhancement
mechanisms is far from enough. In order to accurately control the SERS enhance-
ment of non-noble metal nanomaterials, it is important to systematically research the
enhancement mechanism of various non-noble metal nanomaterials;

(3) In complex environments, background interference caused various characteristic
peaks in the SERS spectrum, resulting in difficult-to-distinguish characteristic peaks
of analytes. In addition to the specific recognition strategies of binding antigens and
antibodies as well as aptamers to improve the selectivity of detection, various func-
tionalized SERS tags that have aroused widespread interest in SERS anti-interference
detection may alleviate this dilemma.
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Although there is still a certain gap between the detection of non-noble metal SERS
substrates in the lab and practical application, the development of novel SERS-active non-
noble metal nanomaterials are meaningful to enrich the development of high-performance
SERS substrates and to expand the practical application range of SERS. Especially given
the development of detection strips, microfluidic chips, and kits based on non-noble
metal nanomaterials combined with portable Raman may be a focus of future research. In
addition, non-noble metal SERS active materials with good biocompatibility, low biotoxicity,
and good spectral stability have also been proven to have imaging functions. This not only
provides a new strategy for the development of a SERS platform for tumor diagnosis but
also expands the application of SERS platforms based on non-noble metal nanomaterials
in the accurate diagnosis and treatment of cancer. We believe and expect that with the
development of related research, non-noble metal materials will eventually become the
next generation of multifunctional SERS substrates for overcoming various challenges in
practical applications.
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