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Surface-enhanced Raman spectroscopy (SERS) is an emerging powerful vibrational technique offering unprecedented opportunities in biomedical science for the sensitive detection of biomarkers and the imaging and tracking of biological samples. Conventional SERS detection is based on the use of plasmonic substrates (e.g. Au and Ag nanostructures), which exhibit very high enhancement factors (EF = 10 10 -10 11 ) but suffers from serious limitations, including light-induced local heating effect due to ohmic loss and expensive price. These drawbacks may limit detection accuracy and largescaled practical applications. In this review, we focus on alternative approaches based on plasmonfree SERS detection on low-cost nanostructures, such as carbons, oxides, chalcogenides, polymers, silicons, etc. The mechanism of non-plasmonic SERS detection has been attributed to interfacial charge transfer between the substrate and the adsorbed molecules, with no photothermal side effects but usually less EF compared with plasmonic nanostructures. The strategies to improve Raman signal detection, through the tailoring of substrate composition, structure and surface chemistry, is reviewed and discussed. The biomedical applications, e.g. SERS cell characterization, biosensing and bioimaging are also presented, highlighting the importance of substrate surface functionalization to achieve sensitive, accurate analysis and excellent biocompatibility.

INTRODUCTION

Raman spectroscopy is attracting growing attention in biomedical science in view of its potential for the sensing of biomarkers, the imaging of cells and tissues and the tracking of biological processes. [START_REF] Antonio | Advances in biomedical Raman microscopy[END_REF] The Raman effect, based on the inelastic scattering of light from samples under irradiation, allows us to probe the vibrational states of molecules and materials, thus providing rich spectral fingerprints of various types of analytes. Moreover, as water is a weak Raman scatterer, this non-destructive technique offers added-value for biomedical diagnosis and tissue imaging compared to infrared spectroscopy which is highly sensitive to water. [START_REF] Ellis | Metabolic fingerprinting in disease diagnosis: biomedical applications of infrared and Raman spectroscopy[END_REF] However, most photons undergo elastic scattering (called Rayleigh scattering) and only a few photons (one over 10 6 ) contribute to the Raman process. 3 As a result, Raman signals are very weak which strongly limits the interest of this technique for many applications. In order to improve the signal intensities, several enhanced Raman spectroscopic methods have been explored, from stimulated or coherent anti-Stokes Raman scattering to surfaceenhanced Raman scattering. In this review, we will focus exclusively on surface-enhanced Raman spectroscopy (SERS) approaches, which allow to increase the sensitivity of Raman spectroscopy by several orders of magnitude. It takes advantage of the local field enhancement offered by optically resonant metal nanoparticles (NPs) to amplify Raman signals and leads to high-sensitivity label-free identification of molecular species. [START_REF] Tripp | Novel nanostructures for SERS biosensing[END_REF] It thus combines the rich molecular information contained in vibrational spectra with outstanding ultra-sensitive, multiplexing, and quantification capabilities. The increase of Raman signal intensities observed in SERS has been explained by two main mechanisms: (i) an electromagnetic enhancement due to the concentration of the local electric field by surface plasmons in the vicinity of nanostructured metal surfaces; (ii) a chemical enhancement through a charge transfer process between the analytes and the metal surface. The former mechanism can only be achieved on plasmonic substrates, such as noble metal nanomaterials [START_REF] Ngo | Plasmonic SERS biosensing nanochips for DNA detection[END_REF] while the latter one can be obtained on both plasmonic and plasmon-free materials.

Although the enhancement factors (EF) reached on plasmonic substrates are very high, typically in the range 10 10 -10 [START_REF] Haidar | Highly stable silica-coated gold nanorods dimers for solution-based SERS[END_REF] , allowing single molecule detection, [START_REF] Blackie | Single-molecule surface-enhanced Raman spectroscopy of nonresonant molecules[END_REF] the biosafety of plasmonic NPs is still a great issue. Thus surface modification is usually necessary to improve their biocompatibility. 7 Moreover, the high price of noble metals such as Au and Ag hinders their large-scale application in the biomedical field. Compared to their plasmonic counterparts, the EF of plasmon-free substrates are much lower with values ranging from 10 2 to 10 5 . [START_REF] Campion | On the mechanism of chemical enhancement in surface-enhanced Raman[END_REF][START_REF] Chowdhury | SERS-active 3D interconnected nanocarbon web toward nonplasmonic in vitro sensing of HeLa cells and fibroblasts[END_REF] Yet, these materials, based on carbon, silicon, oxides, chalcogenides, etc, could be a low-cost alternative as SERS substrates. In this review, we will focus on this promising class of SERS substrates, based on non-plasmonic materials, introducing the fundamental aspects of chemical enhancement mechanism (CM), the various synthesis methods and categories of materials and their practical applications in biomedical fields (Figure . 1).

Figure 1. Illustration of nanomaterials (carbon nanotubes, graphenes, carbon 3D networks, TiO2, Si and metalorganic frameworks, etc…) for non-plasmonic SERS biomedical applications (e.g. biosensing, bioimaging and cell characterization). Created by BioRender.

FUNDAMENTAL ASPECTS: FROM SPONTANEOUS RAMAN TO SERS 2.1 Spontaneous Raman

If a material is illuminated with an intense monochromatic radiation of frequency υ0 from a laser source, the photons constituting this radiation can be transmitted, absorbed or scattered in all the directions of space. Spectroscopic analysis of the scattered light shows that most of the re-emitted photons have the same frequency υ0 as the incident radiation. This scattering without changing frequency is called Rayleigh scattering (or elastic scattering). For less than a million scattered photons, a change in frequency can be observed: this inelastic scattering of light constitutes the Raman effect. As the spontaneous Raman process is generally not very efficient, it is essential to eliminate the Rayleigh scattering, the main component of scattered light, by using a monochromator or filters (edge or notch). The frequencies of the inelastically scattered photons are υRS = υ0 -υV and υRAS = υ0 + υV, where υV is the frequency of a mode of vibration while υRS and υRAS represent the frequencies of the Stokes and anti-Stokes Raman scattering, respectively. From a microscopic point of view, the Raman effect stems from the appearance of an induced dipole moment linked to the polarizability of molecules, namely, the capability of the electron cloud of a molecular system to deform under the effect of an electric field. In the context of a quantum description, it can be shown that the ratio of the Raman Stokes and anti-Stokes intensities is proportional to the ratio of the populations of the vibrational levels, which obeys Boltzmann law. As a consequence, the Stokes intensity is systematically greater than the anti-Stokes one, and the ratio of these intensities gives access to the temperature of the medium probed by the Raman effect. Interestingly, if the incident laser excitation wavelength corresponds to the energy required for an electronic transition in the molecule, the Raman scattering is strongly enhanced (gain from 10 3 to 10 4 ), which is called resonant Raman effect.

SERS: plasmon versus non-plasmon enhancement

As explained in the previous paragraph, classical (or spontaneous) Raman spectroscopy is a very insensitive technique, which limits the analysis of low concentration products. However, the adsorption of molecules on the surface of nanostructures (mainly gold and silver), makes it possible to enhance their Raman signature, even at very low concentrations, which is called surface enhanced Raman scattering. [START_REF] Moskovits | Persistent misconceptions regarding SERS[END_REF] The SERS effect can be attributed to physical or/and chemical mechanisms, as shown in Figure . 2. Physical phenomenon induced by localized surface plasmon resonance is known as electromagnetic enhancement mechanism (EM). The chemical enhancement mechanism (CM) based on charge transfer between substrate and surface adsorbed molecule can also induce SERS.

It is worth noting that fluorescence quenching and birefringence effects could also help to improve Raman signals detection, but these effects should be distinguished from EM-and CM-induced SERS.

In this section, we will discuss both plasmonic and non-plasmonic SERS effects, introducing the different mechanisms and comparing their limitations and merits. 

Plasmonic SERS (EM mechanism).

This effect occurs when molecules are adsorbed on metallic nanostructures such as rough surface, colloidal nanoparticles or self-assembled and lithographic metal particles. The enhancement of the Raman spectra can reach a factor of the order of 10 10 -10 11 . [START_REF] Blackie | Single-molecule surface-enhanced Raman spectroscopy of nonresonant molecules[END_REF][START_REF] Haidar | Highly stable silica-coated gold nanorods dimers for solution-based SERS[END_REF] The first observations of a surface-enhanced Raman spectrum were made in the mid-1970s in the case of pyridine adsorbed on the surface of a silver electrode roughened by redox cycles, or in aggregated colloidal dispersions of silver nanoparticles. [START_REF] Fleischmann | Raman spectra of pyridine adsorbed at a silver electrode[END_REF] As shown in Figure . 2, the origin of the SERS effect is attributed to the amplification of the local electric field, following the excitation of localized surface plasmons (LSP). This optical phenomenon corresponds to a collective phase oscillation of the conduction electrons at the surface of the nanostructure, under light excitation. [START_REF] Hao | Electromagnetic fields around silver nanoparticles and dimers[END_REF] It leads to strong extinction bands in the visible and near-infrared spectral range (in particular for gold and silver), whose wavelengths depend on the nanoparticle size, shape, and the local dielectric environment. [START_REF] Kelly | The optical properties of metal nanoparticles: the influence of size, shape, and dielectric environment[END_REF] These oscillations also result in a strong amplification of the local field in the vicinity of the nanostructures, affecting the induced dipole moment of adsorbed molecules. [START_REF] Félidj | Optimized surface-enhanced Raman scattering on gold nanoparticle arrays[END_REF][START_REF] Ragheb | Surface enhanced Raman scattering on regular arrays of gold nanostructures: impact of long-range interactions and the surrounding medium[END_REF] Non-plasmonic SERS (CM mechanism). In addition, a chemical effect might contribute to the SERS effect. As shown in Figure . 2, this chemical enhancement involves changes of the adsorbate electronic states due to the chemisorption of the analyte. An increase in the polarizability of the molecule during its interaction with the substrate surface (such as carbon, oxides and so on, which is discussed in section 3) may take place, but the associated enhancement factor is usually lower than that of their plasmonic counterparts. [START_REF] Kerker | Surface enhanced Raman scattering (SERS) by molecules adsorbed at spherical particles[END_REF] The origin of CM is still under study, but various types of charge transfer (CT) process have been reported to enhance Raman signals under appropriate laser excitation. For example, CT can take place between the Fermi level of conducting substrate and the highest occupied molecular orbital or the lowest unoccupied molecular orbital (HOMO or LUMO), cf. dash yellow arrows of CM in Figure . 2. It occurs also between valence/conducting band (VB/CB) in semiconducting materials and HOMO/LUMO (solid yellow arrows of CM in Figure . 2). Recently, conductive polymers have been explored for non-plasmonic SERS where the CT happens between molecular orbitals (HOMO/LUMO) of adsorbate and substrate. [START_REF] Zhang | Carrier dynamic monitoring of a π-conjugated polymer: a surface-enhanced Raman scattering method[END_REF] In addition to the SERS effects induced by substrate-molecule interfacial CT, Raman resonance effects obtained via molecule HOMO to LUMO transitions or exciton transitions between VB and CB of semiconductors could also take place, resulting in Raman signal enhancement. [START_REF] Kim | Study of chemical enhancement mechanism in non-plasmonic surface enhanced Raman spectroscopy (SERS)[END_REF] Besides, interfacial solid-states CT caused by chemisorption of molecules on substrate, e.g. formation of metal-molecule complexes without excitation, might also be responsible for CM (green arrow, CM in Figure . 2).

Besides EM and CM. Another aspect to improve Raman signals is the quenching of fluorescence of the adsorbates. Auto-fluorescence of the analyte is considered as an intense background which strongly interferes with the detection of Raman signal. Therefore, the suppression of fluorescence is important and necessary. The fluorescence quenching effect can be observed on plasmonic NPs surface (e.g. Au) due to resonant energy transfer. [START_REF] Ringler | Shaping emission spectra of fluorescent molecules with single plasmonic nanoresonators[END_REF][START_REF] Pons | On the quenching of semiconductor quantum dot photoluminescence by proximal gold nanoparticles[END_REF] The formation of an adsorbate/metal complex results in an additional channel of nonradiative return to the ground state. [START_REF] Ru | Spectral profile modifications in metal-enhanced fluorescence[END_REF] This phenomenon has also been reported on non-plasmonic substrates, such as nanostructured carbon surfaces. [START_REF] Sil | Is chemically synthesized graphene 'really' a unique substrate for SERS and fluorescence quenching?[END_REF] Recently, laser-driven birefringence has been reported for SERS. [START_REF] Qiu | Chiral carbonaceous nanotubes modified with titania nanocrystals: plasmon-free and recyclable SERS sensitivity[END_REF][START_REF] Jen | Bideposited silver nanocolloid arrays with strong plasmoninduced birefringence for SERS application[END_REF] As described in these works, birefringence generated under laser irradiation in nanofibers could induce multiple Raman scattering, resulting in plasmon-free SERS activity. The fundamental aspects for SERS effect based on birefringence is still unclear.

Merits and drawbacks of plasmonic NPs

SERS benefits from a strong amplification of the local electric field in the vicinity of the nanostructures and the related enhancement of the Raman spectra of molecules adsorbed on the nanostructure surface. The main advantages of SERS, using plasmonic NPs, include a high level of multiplexing, the ability to perform the detection of compounds at very low concentration in complex media such as in blood or urines. SERS is also a non-destructive and a label-free technique. Although plasmonic particles achieve a Raman gain around 10 10 -10 11 , [START_REF] Blackie | Single-molecule surface-enhanced Raman spectroscopy of nonresonant molecules[END_REF] their major disadvantage is a significant temperature rise of the structure, resulting from strong light absorption by the metals. Indeed, some losses arising from interband transitions when a valence electron in the metal absorbs a photon to jump to the Fermi surface. [START_REF] Naik | Alternative plasmonic materials: beyond gold and silver[END_REF] This loss effect leads to Joule heating of the particle within the local environment. [START_REF] Baffou | Thermo-plasmonics: using metallic nanostructures as nano-sources of heat[END_REF] This greatly limits their use for studies of biological systems, very sensitive to temperature changes. Unlike metals, dielectric structures have very low absorption cross-sections (and thus low thermal conversion) and relatively intense scattering spectra. Besides, plasmonic SERS are usually achieved on noble metals, e.g. Au and Ag nanostructures. So, the costs are usually expensive, which limits the large-scale application of SERS in the biomedical domain.

New opportunities offered by non-plasmonic NPs

The appeal of dielectric nanostructures for SERS was recently demonstrated with Raman gains of the order of 10 3 from dimers of silicon nanostructures. [START_REF] Caldarola | Non-plasmonic nanoantennas for surface enhanced spectroscopies with ultra-low heat conversion[END_REF] Interestingly, dielectric nanoparticles generate heating effects with temperature increase values equal to 1/18 times that of Au plasmon-analogue systems, while Au NPs only double the field enhancement capability compared to the dielectric ones.

Therefore, non-plasmonic nanoparticles appear as a very promising alternative for surface-enhanced spectroscopies in the context of vibrational characterization of biological systems, with the particularity of not perturbing the signal of the target analyte or biomarker by undesired local heating.

NON-PLASMONIC SUBSTRATES

A wide range of plasmon-free substrates for SERS have been described in the literature. In this section, we summarize the various nanostructures, including carbon-based materials, oxides, chalcogenides, silicon and polymers. Their nature and morphology are described as well as the SERS mechanisms and corresponding enhancement factors.

Carbon-based materials

Carbon-based nanomaterials have been reported as SERS substrates for chemical/biological sensing, analyte identification and bioimaging. [START_REF] Me | Carbon nanomaterials: perspective of their applications in biomedicine[END_REF][START_REF] Jin | NIR-responsive MXene nanobelts for wound healing[END_REF][START_REF] Chung | Biomedical applications of graphene and graphene oxide[END_REF] Compared with metallic SERS substrates (e.g. Au or Ag NPs), carbon is abundant, recyclable, environment-friendly and gives low-cost materials.

Carbon nanomaterials are usually used as templates to fabricate metal NPs (ex. Au, Ag) or as supports to load the NPs which act as Raman nano-amplifiers of absorbed molecules. [START_REF] Sanles-Sobrido | Label-free SERS detection of relevant bioanalytes on silvercoated carbon nanotubes: The case of cocaine[END_REF][START_REF] Fan | Honeycomb architecture of carbon quantum dots: a new efficient substrate to support gold for stronger SERS[END_REF][START_REF] Lee | Utilizing 3D SERS active volumes in aligned carbon nanotube scaffold substrates[END_REF] In this case, the EM from metal NPs mainly contributes to the SERS phenomenon in hybrid metal-carbon nanocomposites. Without metal NPs, LSP can be also generated on sole carbon surface by ultraviolet (UV) irradiation, which induces π-plasmon absorption (collective oscillations of π electrons originated from the graphite structure). [START_REF] Cheung | π-Plasmon absorption of carbon nanotubes for the selective and sensitive detection of Fe 3+ ions[END_REF][START_REF] Kramberger | Linear Plasmon dispersion in single-wall carbon nanotubes and the collective excitation spectrum of graphene[END_REF] The LSP band of carbon, namely, collective oscillations of long-lived electrons, is located the in terahertz or/and infrared (IR) region. [START_REF]Graphene terahertz plasmon oscillators[END_REF][START_REF] Rodrigo | Mid-infrared plasmonic biosensing with graphene[END_REF] Therefore, it is unlikely that the EM is responsible for SERS effect observed on sole carbon materials under visible light excitation. Instead, it should be attributed to chemical enhancement (CM) originating from charge transfer between carbon and surface immobilized molecules. Besides, for chiral carbon nanostructures (chiral carbon nanotubes), optical Kerr effect induced birefringence could also amplify the Raman signal of surface adsorbed molecules. [START_REF] Qiu | Chiral carbonaceous nanotubes modified with titania nanocrystals: plasmon-free and recyclable SERS sensitivity[END_REF] In this section, we will introduce different types of carbon substrates for plasmon-free SERS detection, including zero dimensional (D), 1D, 2D, 3D carbon nanomaterials.

0D graphene quantum dots (GQDs).

GQDs refer to graphene fragments smaller than 100 nm, [START_REF] Ponomarenko | Chaotic dirac billiard in graphene quantum dots[END_REF] which possess unique optoelectronic properties (photoluminescence and non-zero bandgap) due to quantum confinement. [START_REF] Bacon | Graphene quantum dots[END_REF] GQDs have been widely applied as fluorescent agents for bioimaging. [START_REF] Younis | Recent advances on graphene quantum dots for bioimaging applications[END_REF] Regarding SERS, it is worth to note that, theoretical calculation showed that GQDs have similar surface plasmon frequencies as metal NPs, 42 so that, EM could take place also on GQDs under visible incident light. However, experimentally, the synthesized GQDs present defects, so the plasmon band frequency shifts out of visible range. Therefore, the CM should be responsible for observed SERS effects. [START_REF] Lan | Self-assembled nanoporous graphene quantum dot-Mn₃O₄ nanocomposites for surface-enhanced Raman scattering based identification of cancer cells[END_REF][START_REF] Das | Origin of high photoluminescence yield and high SERS sensitivity of nitrogen-doped graphene quantum dots[END_REF] Recently, Lan et al reported a nanocomposite derived from GQDs and Mn3O4 [START_REF] Lan | Self-assembled nanoporous graphene quantum dot-Mn₃O₄ nanocomposites for surface-enhanced Raman scattering based identification of cancer cells[END_REF] for cancer cell characterization. In this work, self-assembled GQDs-Mn3O4 nanocomposite has been prepared from multi-walled carbon nanotubes (CNTs) by KMnO4 oxidative cut (Figure 3a).

The oxide could quench GQDs' fluorescence due to a charge transfer in the nanocomposite. It could also suppress the fluorescence of adsorbed molecules (e.g. rhodamine B, RhB), as shown in Figure 3b and Table 1, which significantly improves Raman signal. The enhancement factor (EF) was 2.06 × 10 4 for RhB. As shown in the energy level diagram (Figure 3c), charge transfers from VB to LUMO (µCT, ca. 2.41 eV) and HOMO to CB (ca. 1.11 eV) are allowed under 514 nm (2.4 eV) laser excitation.

The former is known as C-term charge transfer (VB → LUMO), which has been identified as the main contribution for SERS effect induced by CM, compared with A-term (µmol, HOMO → LUMO), B-term (µCT, HOMO → CB) and VB → CB (µex) transitions. [START_REF] Kim | Study of chemical enhancement mechanism in non-plasmonic surface enhanced Raman spectroscopy (SERS)[END_REF] The GQDs-Mn3O4 nanocomposites were used as a SERS substrate for cancer cell identification. As shown in Figure 3d, distinctive SERS spectra could be obtained for cancer (HeLa, HepG-2) and normal (7702) cells on GCDs-Mn3O4. Another example was nitrogen-doped GQDs (N-GQDs), synthesized via solvothermal route (a modified Hummers' method) using graphene oxide as precursor and N,N-Dimethylformamide as nitrogen source and solvent. [START_REF] Das | Origin of high photoluminescence yield and high SERS sensitivity of nitrogen-doped graphene quantum dots[END_REF] After adsorption of RhB, N-GQDs exhibited SERS effect with an EF of 3.2 × 10 3 (at 10 -4 M of RhB) and a limit of detection (LOD) of 10 -10 M due to substrate-molecule charge transfer process under 488 nm excitation (Table 1).

1D carbon nanotubes (CNTs).

CNTs are defined as cylindrical graphite with high aspect ratio (diameter versus length), which can be considered as 1D structures in electronic point of view. [START_REF] Ebbesen | Carbon nanotubes[END_REF] In most cases, CNTs are applied as templates or supports for metal NPs to generate hybrid plasmonic SERS substrates. [START_REF] Lee | Utilizing 3D SERS active volumes in aligned carbon nanotube scaffold substrates[END_REF] However, it is possible to fabricate substrates for non-plasmonic Raman detection. For example, Qiu and co-workers have reported TiO2 decorated chiral CNTs (R/L-CNTs/TiO2) as a recyclable platform for plasmon-free SERS detection. [START_REF] Qiu | Chiral carbonaceous nanotubes modified with titania nanocrystals: plasmon-free and recyclable SERS sensitivity[END_REF] Such hybrid nanocomposites (Figure 3e) were prepared via carbonization of chiral polypyrrole nanotubes, followed by TiO2 NPs deposition. The chiral CNTs exhibit improved SERS sensitivity for surface adsorbed methylene blue (MB) molecules under 532 nm laser excitation, due to birefringence induced by optical Kerr effect on chiral structures, [START_REF] Wang | Ag/AgCl@helical chiral TiO2 nanofibers as a visible-light driven plasmon photocatalyst[END_REF] as shown in Figure 3f. As listed in Table 1, the LOD for such a system is 5 × 10 -5 M. After long-term irradiation, photo-degradation of MB took place on TiO2 NPs, leading to a selfcleaning process (Figure 3g).

2D graphene sheets.

Graphene is a 2D graphite film, composed of sp2 carbon atoms tightly bound in a hexagonal honeycomb lattice. [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF] In the domain of plasmon-free SERS, graphene enhanced Raman scattering (GRES), has been proven as the result of charge transfer between graphene and target molecules. [START_REF] Ling | First-layer effect in graphene-enhanced Raman scattering[END_REF] The quantitative analysis based on GRES is still a great challenge because lots of parameters (ex. adsorbed molecule orientation and layer thickness, Fermi level, doping states, etc.) affect GERS efficiency. Nevertheless, some works achieved GERS biosensing by deposition of graphene on oxide support. For example, Zheng et al reported a graphene-TiO2 (EG-TiO2) SERS substrate to track telomerase activity of stem cells. [START_REF] Zheng | Mechanism of surface-enhanced Raman scattering based on 3D graphene-TiO2 nanocomposites and application to real-time monitoring of telomerase activity in differentiation of stem cells[END_REF] In this work, 2D graphene was electrodeposited onto TiO2 nanoarrays (Figure 3h), followed by immobilization of primer-DNA. This results in a 3D nanocomposite, displaying specific recognition of telomerase. In presence of probing copper phthalocyanine (CuPC), G-quadruplex could be formed on EG-TiO2 (Figure 3i). Thanks to the semiconducting TiO2, the Fermi level of EG (ca. -4.6 eV) could be shifted to a higher level (EG-TiO2, ca. -3.65 eV) due to Schottky junction (Figure 3j). This value is closer to LUMO (ca. -3.07 eV) of CuPC, leading to easier charge transfer and thus stronger Raman signals under 633 nm (ca. 1.96 eV) with EF = 48.2 rather than 532 nm laser exposition (EF = 39.2), cf. Table 1. As the LOD of CuPC could be as low as 6 × 10 -5 M (ca. 2.07 × 10 -16 IU), EG-TiO2 was thus used for tracking telomerase activity in stem cells (Figure 3k), which further reveals that telomerase plays an important role in proliferation and differentiation of stem cells. In another work, reported by Huang et al, the graphene was used as a SERS substrate for label-free analysis of key blood constituent proteins. [START_REF] Huang | Raman enhancement of blood constituent proteins using graphene[END_REF] The graphene flasks were synthesized by mechanical exfoliation and placed on Si/SiO2 support. Two proteins, namely hemoglobin and albumin, could be detected on graphene surface due to the GERS effect, offering a new strategy to develop reliable, simple and molecular fingerprinting biosensing techniques for blood samples. The EF for hemoglobin was about 4.5 under 633 nm laser (Table 1).

Beside oxides, semiconducting sulfites could also serve as a platform to load graphene. For example, MoS2 sheet decorated graphene microflowers (GMFs/W-MoS2) have been used for plasmon-free SERS enhancement [START_REF] Qiu | Wrinkled 2H-phase MoS2 sheet decorated with graphene-microflowers for ultrasensitive molecular sensing by plasmon-free SERS enhancement[END_REF] with EF as high as 2.96 x 10 7 and LOD of 5 x 10 -11 M for RhB under 633 nm laser. As a proof-of-concept, such a substrate has been used for adenosine sensing, where the detection limit was as low as 2 × 10 -9 M. This shows great potential of GMFs/W-MoS2 in biosensing.

3D carbon nanostructures are built by spatial assembly of 0D carbon quantum dots, 1D CNTs or 2D graphene. [START_REF] Chowdhury | SERS-active 3D interconnected nanocarbon web toward nonplasmonic in vitro sensing of HeLa cells and fibroblasts[END_REF][START_REF] Dasgupta | Covalent three-dimensional networks of graphene and carbon nanotubes: synthesis and environmental applications[END_REF] Non-plasmonic SERS biosensing can be also realized by 3D interconnected nanocarbon web (INW). [START_REF] Chowdhury | SERS-active 3D interconnected nanocarbon web toward nonplasmonic in vitro sensing of HeLa cells and fibroblasts[END_REF] Such a structure was created on a graphite plate (3 mm thickness) by ultrashort laser ablation. The morphology and composition (ratio of C-O and C-C bonds) of INW could be controlled by ionization energy (Figure 3l). The SERS effect was confirmed using crystal violet and R6G dye molecules, induced by charge transfer resonance in the interface of INW and dye molecules. The EF value was calculated as 3.66 × 10 4 and 9.1 × 10 3 respectively using crystal violet and R6G dye under 785 nm laser (Table 1). The INW was later incubated with HeLa and fibroblast cells for 6, 12, 18 and 24h. The distinctive SERS spectra can be respectively acquired on cancerous and normal cells (Figure 3m). One could observe the dissimilar Raman peak evolution of different intracellular components, as summarized in Figure 3n. Therefore, the INW could serve as a SERS platform to in vitro probe and differentiate cancerous and normal cells. 

Metal oxide-based SERS substrates

Semiconducting oxides NPs (ZnO, TiO2, SiO2, Cu2O and Fe3O4 NPs) are one of the most studied non-plasmonic SERS substrates due to their engineerable band gap, tunable morphology and modifiable surface. [START_REF] Wang | Remarkable SERS activity observed from amorphous ZnO nanocages[END_REF][START_REF] Haldavnekar | Non plasmonic semiconductor quantum SERS probe as a pathway for in vitro cancer detection[END_REF][START_REF] Keshavarz | Metal-oxide surface-enhanced Raman biosensor template towards point-of-care EGFR detection and cancer diagnostics[END_REF][START_REF] Dharmalingam | An atomic-defect enhanced Raman scattering (DERS) quantum probe for molecular level detection -Breaking the SERS barrier[END_REF][START_REF] Lin | Crystal-amorphous core-shell structure synergistically enabling TiO2 nanoparticles' remarkable SERS sensitivity for cancer cell imaging[END_REF][START_REF] Qi | Improved SERS sensitivity on plasmon-free TiO2 photonic Mmicroarray by enhancing light-matter coupling[END_REF][START_REF] Liu | TiO2-coated silica photonic crystal capillaries for plasmon-free SERS analysis[END_REF][START_REF] Lin | Ultrasensitive SERS detection by defect engineering on single Cu2O superstructure particle[END_REF][START_REF] Cong | Noble metalcomparable SERS enhancement from semiconducting metal oxides by making oxygen vacancies[END_REF] The engineerable band gap, through composition altering such as doping, alloying, superlattice, [START_REF] Ermolaev | Broadband optical properties of monolayer and bulk MoS2[END_REF] allows adaptable charge transfer in oxide-molecule interface and favors sensitive analysis in vivo or in vitro. It is well known that NPs morphology (size and shape) as well as surface plays an important role in biological processes. [START_REF] Donaldson | Asbestos, carbon nanotubes and the pleural mesothelium: a review of the hypothesis regarding the role of long fibre retention in the parietal pleura, inflammation and mesothelioma[END_REF] The tunable morphology and functionalized surface help SERS NPs to follow specific reactions with controlled cytotoxicity. In addition, recent research has found an SERS effect related to surface defects. [START_REF] Song | Ultrathin two-dimensional nanostructures: surface defects for morphology-driven enhanced semiconductor SERS[END_REF] It is worth noting that non-plasmonic SERS efficiency could be affected by size of oxides, which should be attributed to size-dependent surface defects or band-gap energy level. [START_REF] Yang | SERS investigation of ciprofloxacin drug molecules on TiO2 nanoparticles[END_REF][START_REF] Xue | Raman investigation of nanosized TiO2: effect of crystallite size and quantum confinement[END_REF] Therefore, in this section, we have summarized the latest research on oxides SERS substrates, focusing on their structure, morphology impacted SERS mechanism and performance.

ZnO particles or substrates showed promising potentials for SERS, particularly for bioapplications thanks to the low cytotoxicity of this material. [START_REF] Xiong | Stable aqueous ZnO@polymer core-shell nanoparticles with tunable photoluminescence and their application in cell imaging[END_REF][START_REF] Zhao | Synthesis and characterization of biocompatible ZnO nanoparticles[END_REF] The poor stability of ZnO in water may be overcome with a coating made of triethylene glycol and oleic acid, able to penetrate cells. [START_REF] Zhao | Synthesis and characterization of biocompatible ZnO nanoparticles[END_REF] ZnO substrate was found to enhance the signal of molecules such as 4-mercaptopyridine and 4-mercaptobenzoic acid. [START_REF] Kim | Study of chemical enhancement mechanism in non-plasmonic surface enhanced Raman spectroscopy (SERS)[END_REF] An increased enhancement factor, as high as 10 5 (Table 1) was also found in amorphous nanocages promoting an interfacial charge transfer process due to metastable electronic states. [START_REF] Wang | Remarkable SERS activity observed from amorphous ZnO nanocages[END_REF] Besides, Haldavnekar et al. found that the enhancement factor was even higher as the particles were smaller, by talking about optimal ZnO quantum probe size in the range of 5.7 -8.1 nm. [START_REF] Haldavnekar | Non plasmonic semiconductor quantum SERS probe as a pathway for in vitro cancer detection[END_REF] These nanoparticles exhibited high surface area, good crystallinity, sensitivity due to a wide band gap, and biocompatibility. SERS effect was observed at different excitation wavelengths with a higher efficiency at 785 nm (EF = ~10 [START_REF] Blackie | Single-molecule surface-enhanced Raman spectroscopy of nonresonant molecules[END_REF] , LOD = 10 -9 M, cf. Table 1) and smaller at 532 nm or 638 nm. The enhancement was explained by 3 co-existent mechanisms: (i) charge transfer resonance, (ii) photoinduced charge transfer from attenuated total reflection causing near field interaction due to quantum size, (iii) and surface plasmon resonance (induced by 785 nm excitation) in a unified moleculesemiconductor quantum probe system. Such a synergy was shown to boost the SERS probe sensing sensitivity. In this work, the authors used ingenious nano-dendrite platforms decorated with ZnO quantum probes allowing cell adhesion for effective enhancement of Raman signal of biomolecules, which could be applied for cancer and normal cell differentiation (Figure 4a). TiO2. Although TiO2 may be less biocompatible due to its cytotoxicity, its low cost, high adsorptivity and chemical stability make it nevertheless a good candidate for non-plasmonic SERS material, which have shown some potential for bioapplications like the diagnosis of breast cancer. [START_REF] Keshavarz | Metal-oxide surface-enhanced Raman biosensor template towards point-of-care EGFR detection and cancer diagnostics[END_REF] In this paper, the authors used quantum-structured TiO2 (1-10 nm) or quantum-structured TiOx (noted as Q-structured TiOx, cf. TEM in Figure 4b) in which they introduced oxygen vacancies (confirmed by X-ray photoemission spectroscopy, see O 1s spectra in Figure 4b), allowing to gain 2 orders of magnitude on the enhancement factor reaching 3.4 × 10 7 with a LOD value of 10 -9 M for crystal violet molecules, as summarized in Table 1. Such a nanotool has been applied as a SERS probe to distinguish normal and cancerous cells (Figure 4b). A similar technique of introducing oxygen defects increasing charge transfer yield in the subsurface of a quantum probe was developed by Dharmalingam et al. TiO2 nanoparticles were deposited on Ti substrate and oxygen defects were induced with multiphoton ionization. This technique allows them to increase the sensitivity of the semiconductor and to reach an EF of 10 10 and LOD of 10 -9 M for crystal violet thanks to the synergistic effect of the quantum size and the high charge-transfer called atomic-defect enhanced Raman scattering. [START_REF] Dharmalingam | An atomic-defect enhanced Raman scattering (DERS) quantum probe for molecular level detection -Breaking the SERS barrier[END_REF] Another strategy to improve SERS activity is based on tailoring TiO2 morphology. For example, as shown in Figure 4c, crystal-amorphous core-shell TiO2 NPs have been prepared, [START_REF] Lin | Crystal-amorphous core-shell structure synergistically enabling TiO2 nanoparticles' remarkable SERS sensitivity for cancer cell imaging[END_REF] showing EF as high as 4.3 × 10 5 and LOD of 5 × 10 -4 M for 4-nitrobenzenthiol (Table 1). Such a structure leads to core-shell heterojunction, favoring separation and injection of exciton (generated in the core) into the shell. This leads to a charge enriched shell, easily undergoing substrate-molecule charge transfer (Figure 4c).

After surface functionalization of Raman tag and bioreceptor, it could be used for cancer cell Raman imaging (Figure 4c). Besides, a SERS substrate based on photonic semiconductor microarray was developed to form TiO2 inverse opal substrate. [START_REF] Qi | Improved SERS sensitivity on plasmon-free TiO2 photonic Mmicroarray by enhancing light-matter coupling[END_REF] This array has a photonic band gap dependent sensitivity (EF = 2 × 10 4 and LOD of 10 -5 M for methylene blue, Table 1) which can be adjusted by matching laser wavelength with band gap. Hybrid nanoparticles or substrates were also developed combining TiO2 and SiO2. For instance, TiO2 was used to coat silica NPs by atomic layer deposition. [START_REF] Liu | TiO2-coated silica photonic crystal capillaries for plasmon-free SERS analysis[END_REF] This shell structure NPs showed a high sensitivity (EF = 3.63 × 10 4 ) for methylene blue. Allesandri et al. developed similar material by synthetizing SiO2/a-TiO2 a core shell spheres called T-rex were used to enhance the signal of glutamyl-cysteinyl-glycine also called glutathione, a tripeptide involved in the redox homeostasis of cells. [START_REF] Alessandri | Enhancing Raman scattering without plasmons: unprecedented sensitivity achieved by TiO2 shell-based resonators[END_REF] They showed that a Glutathione solution infiltrated into core-shell colloidal crystals of SiO2/a-TiO2 exhibited a higher signal-to-noise ratio than a solution of Glutathione mixed with gold nanoparticles. [START_REF] Alessandri | All-oxide Raman-active traps for lLight and matter: probing redox homeostasis model reactions in aqueous environment[END_REF] Using similar particles, Bontempi et al. identified the SERS effect of T-rex as due to the Mie-type resonances. The authors used T-rex for measuring environmental CO2 [START_REF] Bontempi | Plasmon-free SERS detection of environmental CO2 on TiO2 surfaces[END_REF] and for probing lysine mono-methylation in histone H3 tail peptides. [START_REF] Bontempi | Probing lysine mono-methylation in histone H3 tail peptides with an abiotic receptor coupled to a nonplasmonic resonator[END_REF] Cu2O, WO3-x, Fe3O4. Through surface defects strategies, Lin and co-workers have developed a cubelike (few µm) superstructure of Cu2O with metal comparable SERS effect (EF = 8 × 10 5 , LOD = 10 -9 M for R6G, Table 1). [START_REF] Lin | Ultrasensitive SERS detection by defect engineering on single Cu2O superstructure particle[END_REF] The copper vacancies favors the adsorption of positively charged molecules, and the defected surface of nanostructure facilitates interfacial charge transfer between substrate and molecules. By creating oxygen vacancies, the WO3-x is able to achieve a highly efficient SERS effect (EF = 3.4 × 10 5 , LOD = 10 -7 M for R6G, Table 1). [START_REF] Cong | Noble metalcomparable SERS enhancement from semiconducting metal oxides by making oxygen vacancies[END_REF] Lee et al. tested the ability of magnetite (Fe3O4) and maghemite (γ-Fe2O3) to enhance the signal of organic molecules such as oxalate (a metabolite) and cysteine (an amino-acid). While magnetite is a conductive semi-metal capable of electromagnetically enhanced Raman signal of both oxalate and cysteine, maghemite, which is nonconductive at room temperature, did not display any relevant signal enhancement. [START_REF] Lee | Surface enhanced Raman spectroscopy of organic molecules on magnetite (Fe3O4) nanoparticles[END_REF] These oxides nanostructures show promising SERS effect, however, their applications in biomedicine have not yet been addressed. 

Chalcogenides

Various studies undertaken in the last decade have revealed that semiconducting substrates, such as metal chalcogenides can expand the range of available SERS-active materials. 74 Indeed, compared to metals, these materials present several advantages such as their low cost, their stability, easy surface functionalization and tunable band gap. However, their main limitation arises from the relatively low enhancement factors that they can achieve. For this reason, the number of studies devoted to these SERS active substrates is still very limited. A description of the efforts that have been made these recent years in order to improve the SERS activity of metal chalcogenide substrates is presented below, emphasizing the key roles of various parameters such as particle size, shape, defect, heterostructure, chemical doping and stoichiometric ratio. This section will focus on the synthesis of (i) OD metal chalcogenide-based nanomaterials with different sizes and shapes and (ii) 2D nanostructures, from semiconducting to metallic phases.

0D transition metal chalcogenides.

Although an enhancement of the Raman spectra of 4mercaptopyridine has been reported on ZnS nanocrystals, [START_REF] Wang | Raman scattering study of molecules adsorbed on ZnS nanocrystals[END_REF] SERS-active 0D chalcogenide nanomaterials are mainly based on copper sulfide (CuS). CuS is a typical p-type semiconductor with unique characteristics such as low cost and toxicity, high structural stability and absorption coefficient in sunlight. Interestingly, CuS nanostructures with different morphologies (microflowers, nanodendrites, hollow particles) and stoichiometry could be prepared in order to optimize enhancement factors and boost SERS efficiency. For example, hierarchical flower-like CuS microspheres with an average diameter of 1-4 μm were synthesized using a simple hydrothermal approach. [START_REF] Zou | Surface-enhanced Raman scattering by hierarchical CuS microflowers: Charge transfer and electromagnetic enhancement[END_REF] The resulting particles exhibited either numerous and sparse petals or piled sheets, as observed on the SEM images Figure 5 (a-c). Using crystal violet (CV), malachite green (MG) and rhodamine 6G (R6G) as model analytes, enhancement factor of 10 5 were obtained with a detection limit down to 10 -8 M for MG and 10 -7 M for CV and R6G (Table 1). This strong enhancement was shown to arise from both electromagnetic near-field effects and charge transfer between the reporter molecules and CuS. Interestingly, the morphology of the hierarchical CuS microflowers (number and spacing of petals) was observed to be a key parameter for Raman enhancement. Indeed, the flowerlike CuS structures exhibiting the highest petal density yielded the strongest enhancement effect. This trend was supported by numerical simulations, which showed that the strongest field intensity was located between the petals. Multi-branched CuS nanodendrites could also be prepared by 1064 nm laser ablation of a bulk Cu target in thioacetamide solution. [START_REF] Li | Laser-induced construction of multi-branched CuS nanodendrites with excellent surface-enhanced Raman scattering spectroscopy in repeated applications[END_REF] The resulting nano-architectures exhibited elongated branches with an average length and diameter of about 20 nm and 6 nm, respectively. Owing to the presence of numerous nanotips, the CuS nanodendrites displayed high SERS activities for CV probes, comparable to that of noble-metal nanostructures, with a detection limit down to ca. 10 -10 M (Table 1). Moreover, CV molecules could be efficiently removed from the nanostructure surface after 60 cycles of SERS analysis, via moderate thermal treatment induced by 1064 nm laser irradiation, thus revealing an excellent reusability of the substrate. When picosecond or femtosecond pulses were used for the laser ablation of Cu targets in liquid media, periodic CuS nanostructures were obtained, allowing the trace level detection of explosive molecules. [START_REF] Syed | SERS studies of explosive molecules with diverse copper nanostructures fabricated using ultrafast laser ablation[END_REF] Another strategy was proposed to further improve the enhancement factors of CuS substrates, based on the elaboration of non-stoichiometric copper sulfide nanostructures. [START_REF] Chen | Improved SERS activity of non-stoichiometric copper sulfide nanostructures related to charge-transfer resonance[END_REF] Indeed, the abundant valence states of copper sulfide allows a fine tuning of its atomic ratio, leading to various electronic structures and related SERS activity. Copper sulfide nanostructures with different Cu7.2S4 contents were synthesized using a hydrothermal method followed by mild heat treatment. The introduction of Cu7.2S4 was shown to significantly improve the SERS performance of the substrate for the detection of R6G probes, and DFT calculations evidenced a SERS mechanism based on charge transfer resonance.

The toxicity issue and non-biodegradability of current SERS probes based on Au or Ag nanostructures was tackled by designing new photodegradable CuS SERS Probes. This constitutes a major challenge as the long-term persistence of nanomaterials within the body may induce chronic toxicity, thereby preventing translation to clinics. To meet this challenge, hollow CuS NPs were synthesized by reacting Cu2O particles with Na2S solution (Figure 5 d-e). [START_REF] Qiu | Photodegradable CuS SERS probes for intraoperative residual tumor detection, ablation, and self-clearance[END_REF] Raman reporters were adsorbed on their surface and the NPs were then protected by poly(ethyleneglycol) (PEG) layers resulting in a hydrodynamic diameter of ∼126 nm. The hollow nature of the CuS NPs was shown to make them photodegradable upon NIR light irradiation, leading to the dissemination of small clusters, and can be easily cleared from the body, thus decreasing long-term toxicity. Moreover, these novel CuS SERS probes combined SERS efficiency and photothermal therapeutic activity, offering threefold attractive properties for Raman imaging, therapy and photodegradation. (i) Semiconducting transition-metal dichalcogenides: among the semiconducting phases, molybdenum disulfide (MoS2), [START_REF] Ling | Raman enhancement effect on two-dimensional layered materials: graphene, h-BN and MoS2[END_REF][START_REF] Muehlethaler | Ultrahigh Raman enhancement on monolayer MoS2[END_REF] tungsten disulfide (WS2) [START_REF] Kim | Study of chemical enhancement mechanism in non-plasmonic surface enhanced Raman spectroscopy (SERS)[END_REF][START_REF] Li | Facile synthesis of large-area and highly crystalline WS2 film on dielectric surfaces for SERS[END_REF] and rhenium disulfide (ReS2) [START_REF] Miao | Unraveling the Raman enhancement mechanism on 1T ′-Phase ReS2 nanosheets[END_REF][START_REF] Lin | Enhanced Raman scattering on in-plane anisotropic layered materials[END_REF] were shown to exhibit SERS activity via dipole-dipole coupling and weak charge transfer. In order to further improve their SERS efficacy, several approaches have been tested, based on either phasetransition engineering, [START_REF] Yin | Significantly increased Raman enhancement on MoX2 (X = S, Se) monolayers upon phase transition[END_REF] treatment via a plasma of MoS2 nanoflakes, [START_REF] Sun | Plasma modified MoS2 nanoflakes for surface enhanced Raman scattering[END_REF] tuning of the interlayer spacing [START_REF] Li | Efficient Raman enhancement in molybdenum disulfide by tuning the interlayer spacing[END_REF] (Figure 6) or oxygen incorporation. 90 The introduction of atomic vacancies in the lattice of WSe2 was reported as another means to enhance the Raman scattering effect. Indeed, non-stoichiometric WSe2-x (x = 0-0.08) prepared by bombarding stoichiometric WSe2 with an ion beam, provided a 40-fold increase of the enhancement factor compared to pristine WSe2. [START_REF] Liu | Enhanced Raman scattering of CuPc films on imperfect WSe2 monolayer correlated to exciton and charge-transfer resonances[END_REF] Interestingly, ternary nanocomposites made of ZnO, ZnS and MoS2 were reported to provide higher SERS sensitivity and stability than their mono-or bi-component counterparts. [START_REF] Yin | A ternary ZnO/ZnS/MoS2 composite as a reusable SERS substrate derived from the polyoxomolybdate/ZIF-8 host-guest framework[END_REF] The porous structure of these ternary materials allows increasing the number of adsorption sites. In addition, they exhibit self-cleaning properties upon UV irradiation and can be reused without loss of activity for more than 5 detection cycles. However, despite these efforts and the significant progress achieved, the limits of detection in the previous reports are still inferior to those obtained with noble metal plasmonic materials. Therefore, the development of alternative approaches in order to improve the charge transfer efficiency on 2D transition-metal dichalcogenides still remains an important challenge.

(ii) Metallic transition-metal dichalcogenides: the use of metallic transition-metal dichalcogenides can meet this challenge as these materials possess abundant density of states near the Fermi level and high surface activity leading to efficient charge transfer with molecules adsorbed on their surface. [START_REF] Lv | Controllable growth of few-layer niobium disulfide by atmospheric pressure chemical vapor deposition for molecular sensing[END_REF] Niobium diselenide (NbSe2) is a typical 2D metallic transition-metal dichalcogenides, exhibiting a layer-dependent electronic structure. Large-area NbSe2 flakes from monolayers to fewlayers were prepared using an ambient pressure chemical vapor deposition route. [START_REF] Lv | Ultrasensitive molecular sensing of few-layer niobium diselenide[END_REF] The six layersubstrates allowed the detection of extremely low concentrations of Rhodamine 6G (down to 5×10 -16 M, cf. Table 1), around five times less than the value detected with only one layer, evidencing efficient charge transfer with the probe molecules. Similarly, the preparation of ultrathin niobium disulfide (NbS2) flakes (< 2.5 nm) with a large domain size (> 160 μm), via alkali-assisted chemical vapor deposition, [START_REF] Song | Plasmon-free surface-enhanced Raman spectroscopy using metallic 2D materials[END_REF] yielded excellent SERS substrates, with a femtomolar detection limit for methylene blue and the capacity to distinguish different types of red wines (Figure 7). platforms with a contact angle <100°, the hydrophobicity of DFH-4T film results in a contact angle of ∼150° for MB droplets, so that the MB molecules can be confined in an extremely small area to achieve the hydrophobicity-enhanced concentration effect. On the other hand, the significant πstacking of the MB and substrate molecules promotes charge transfer between them and also contributes to the final enhancement. What's more, the charge transfer resonance between analyte and the substrate vibronicly couples with the nearby molecular transition, so the DFH-4T system can provide additional SERS enhancement. 100 These factors together lead to the amazing SERS activity of the DFH-4T film. Inspired by this research, Zhang et al. studied the SERS performance of poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a kind of conductive polymer with longer main chains and more regular π-π stacking. [START_REF] Zhang | Carrier dynamic monitoring of a π-conjugated polymer: a surface-enhanced Raman scattering method[END_REF] The EF of PEDOT:PSS film used for MB molecule detection can reach 2.26 × 10 3 (Table 1). It is worth noting that because PEDOT:PSS can be regarded as a semi metallic material, lots of electrons can be excited and collectively oscillate under laser excitation, which leads to the surface plasmon resonance effect. The charge transfer and SPR effects work together to give the PEDOT:PSS film a high SERS enhancement factor.

Telluride (semi)metals. Due to their high surface activity and large available energy level distribution

near the Fermi level, 1T′ transition metal telluride semimetals are expected to be promising candidates for the design of noble-metal-free SERS substrates. 101, 102 Li et al. prepared large-scale 1T' transition metal telluride 2D layers (1T′-W(Mo)Te2) by chemical vapor deposition (CVD) method and realized ultralow concentration detection of Rhodamine 6G (R6G) molecules (Figure 8c and Table 1). 103 The detection limit of 1T′-W(Mo)Te2 platform for R6G can reach 40 (400) fM, while the corresponding EF can rise up to 1.8 × 10 9 (1.6 × 10 8 ), which is comparable to the values obtained with SERS substrates based on coinage metals. The high surface activities of 1T′-W(Mo)Te2 layer, large dipoles and quasi-covalent bonds which can be formed between R6G molecules and the atomic layer, result in more effective electron transfer (Figure 8d), and thus greatly increase the Raman scattering cross-section of the analyte. In addition, the large density of states of 1T′-W(Mo)Te2 near the Fermi levels further increases the probability of charge transition (Figure 8e). Meanwhile, the large charge transfer in the analyte-atomic layer complex leads to molecular fluorescence quenching, which is beneficial to improve the accuracy of the Raman signal.

Metal-organic frameworks (MOFs), also called coordination polymers, are a novel kind of porous crystalline material formed by the combination of metal nodes and organic ligands. 104 Thanks to their unique porous morphology, MOFs have been widely used in the fields of gas adsorption, storage, separation and catalysis. 105,106 Interestingly, the MIL-100(Fe) platform designed by Fu et al. 107 (Figure 8f) can be used as plasmon-free SERS-active substrate for the detection of volatile organic compounds (VOCs). DFT calculations proved that the enhanced charge transfer leads to the high SERS activity of this MOFs system (Figure 8g). The detection limit of toluene can reach 2.5 ppm (Table 1), which is much higher than detection limit of traditional gas sensors. Moreover, MIL-100(Fe) platform also shows high sensitivity and selectivity in the monitoring and identification of lung cancer gas indicators, offering great potential in the early diagnosis of lung cancer.

Silicon. Generally, Si is used as a substrate for the synthesis of two-dimensional SERS materials and does not provide SERS enhancement. However, the 3D near-quantum-scale Si nanomesh prepared by Jeffrey et al. via ionizing single-crystal defect-free Si wafers shows excellent plasmon-free SERS activity. 108 By adjusting the ionization energy and ion-ion interaction, as shown in Figure 8h, the near quantum-scale defects in the 3D Si structure can be effectively controlled and engineered to change its SERS activity and activate the CT enhancement of Si nanomesh. In this work, both the enriched crystallographic defects and nanomesh morphology should be responsible for the SERS effect. As shown in Figure 8i, the created structure defects (near quantum scale defects and grain boundary disorder) could increase Raman photon scattering. Meanwhile the mesh structure would "trap" biomolecules on the surface. This Si only nanomesh system could monitor various disease biomarkers (L-glutathione, tryptophan, cysteine and methionine) at very low concentrations (from 10 -9 M to 10 -6 M), providing new opportunities for the application of Si materials as non-plasmonic SERS materials. 

Non plasmonic SERS for biomedical sciences: Surface functionalization or not?

SERS is a very sensitive analytical technology which makes it possible to acquire molecular insights in complex biological samples. Moreover, the rich vibrational information of SERS spectra is ideal for multiplex biosensing, 109 offering unprecedented opportunities for various biomedical applications. To achieve efficient and safe SERS-based bioapplications, it is very important to control the surface of substrates. Surface functionalization can be used to immobilize biocompatible coating, Raman tags or/and targeting (receptor) molecules, as shown in Fig. 9 and Table 2. The detection of molecules using SERS can be based on either (i) direct detection, also called label-free analysis, using NPs without specific labeling or (ii) indirect detection.

(i) Direct detection. In the case of direct detection, SERS provides information on the NP environment by sensing the surrounding medium. For example, SERS signals from DNA, RNA, protein and lipid could be obtained in cells after uptake of ZnO nanoprobes. [START_REF] Haldavnekar | Non plasmonic semiconductor quantum SERS probe as a pathway for in vitro cancer detection[END_REF] This direct SERS method avoids additional surface modification steps. However, as the environment of NPs is very complex in biological media, with the presence of several biomarkers at the same time, it can be complicated to obtain robust data with label-free SERS. [START_REF] Haldavnekar | Non plasmonic semiconductor quantum SERS probe as a pathway for in vitro cancer detection[END_REF] Recently, machine learning has been reported to analyze spontaneous Raman (non-SERS) spectra for the differentiation of cancer and normal tissue. 110 Such a technique has also been used to analyze wine flavor based on plasmonic SERS signals from an "artificial taster". 111 Therefore, machine learning would be a promising approach to promote label-free SERS substrates in biomedical applications. It is worth noting that surface engineering is not necessary for direct detection on chips, biopsy or ex vivo analysis, [START_REF] Huang | Raman enhancement of blood constituent proteins using graphene[END_REF]112 whereas it is essential for in vitro or in vivo analysis because NPs will be uptaken and will participate in biological processes. For most SERS NPs, biosafety is the premier and the main concern.

Physicochemical properties, like particle size, charge, crystallinity, shape, concentration and agglomeration state, may have a strong biological impact. 113 Thus, synthesis of colloidal NPs with controlled size, morphology and surface is highly recommended. The main approach is surface functionalization with biocompatible coating, which could be in situ formed during synthesis or introduced later by post-functionalization and ligand-exchange. For example, bare ZnO NPs exhibit poor stability in water, resulting in poor cell uptaking. To solve this problem, Zhao et al have synthesized ester and silane coated ZnO which show good biocompatibility in hemolysis assay. [START_REF] Zhao | Synthesis and characterization of biocompatible ZnO nanoparticles[END_REF] To prolong NPs retention time and prevent opsonization, 114 hollow CuS NPs were post-functionalized with polyethylene glycol coating and used as SERS imaging agents for in vivo cancer theranostics. [START_REF] Qiu | Photodegradable CuS SERS probes for intraoperative residual tumor detection, ablation, and self-clearance[END_REF] (ii) Indirect detection. In the case of indirect detection, the preparation of the label SERS requires a supplementary surface functionalization process to immobilize Raman reporters. 115 This configuration gives the opportunity to follow and track the signals from the Raman tags. The most commonly used labeling molecules are based on small dyes and thiols coupling agents. For example, Raman reporters based on thiols (3,3′-diethylthiatricarbocyanine iodide, 3,3′-diethylthiadicarbocyanine iodide and 3,3′-diethylthiacarbocyanine iodide) have been adsorbed on CuS substrates for plasmon-free SERS imaging of cancer tissue. [START_REF] Qiu | Photodegradable CuS SERS probes for intraoperative residual tumor detection, ablation, and self-clearance[END_REF] However, these reporters suffer from 2 main shortcomes: (i) their

Raman signals are located within the biological windows which make their tracking difficult in a biological environment and (ii) they undergo easy desorption from the substrate surface with a risk of signal loss with time. To overcome the first drawback, Raman reporters bearing cyano and alkyne groups have attracted lots of interest because their Raman peak (at 2000-2300 cm -1 ) is in the cell silent window (1800-2600 cm -1 ). 116,117 For example, an alkyne-containing ligand has been synthesized and attached to Li-MoS2 NPs for live WrDi cells Raman imaging. 118 Regarding the second drawback, it was shown that aryl diazonium salts could serve as an alternative approach to thiol analogues to graft reporters through stable surface-carbon bonds. 119 Raman reporters derived from aryl diazonium salts have been reported for SERS cell imaging using Au NP-based tags. 120 Interestingly, unlike thiols (which can be only used for metals and sulfites), diazonium salts can be used to graft a wide range of substrates, such as metals, carbons, oxides, polymers, phosphorus black, virus, amino acids, proteins, etc. 121,122 Thanks to their promising features, these functionalized nanostructures have been used for various biomedical applications, including biosensing, bioimaging, drug delivery, antibacterials treatment, etc. 121 Surface functionalization of SERS substrates by receptors or targeting molecules would be particularly well suited for the specific detection of biomarkers. For example, amino-modified telomerase primers could be immobilized on TiO2 surface and extended by telomerase to form telomere repeats (TTAGGG)n, which can monitor telomerase activity in presence of a Raman tag of CuPC. [START_REF] Zheng | Mechanism of surface-enhanced Raman scattering based on 3D graphene-TiO2 nanocomposites and application to real-time monitoring of telomerase activity in differentiation of stem cells[END_REF] One can also immobilize a receptor with specific recognition on SERS substrate, achieving recognition -separation -probing biosamples. Bontempi et al have functionalized core-shell SiO2-TiO2 by supramolecular tetra-phosphonate cavitand as receptor to probe lysine mono-methylation in histone H3 tail peptides. [START_REF] Bontempi | Probing lysine mono-methylation in histone H3 tail peptides with an abiotic receptor coupled to a nonplasmonic resonator[END_REF] NPs can be also functionalized by targeting molecules to quickly distinguish the target. For instance, an antibody (anti-P-glycoprotein) can be clicked to the polymer coating of TiO2 NPs to target P-glycoprotein of drug-resistant breast cancer cells, favoring efficient delivery of SERS imaging agent. 57 Table 2. Nanomaterials for non-plasmonic SERS detection and biomedical applications (see icon in Fig. 9). What for? Non-plasmonic nanostructures have been used for three types of biomedical applications (Figure 9 and Table 2): (i) the detection of biomarkers, (ii) the characterization of cell types such as the identification of cancer cells and (iii) the design of contrast agents for SERS imaging. Regarding biomarker detection, they have been used for the sensing of two main blood proteins, namely, hemoglobin and albumin on graphene substrates; 50 for real-time monitoring of telomerase activity in stem cells (using Graphene-TiO2 nanocomposites); [START_REF] Zheng | Mechanism of surface-enhanced Raman scattering based on 3D graphene-TiO2 nanocomposites and application to real-time monitoring of telomerase activity in differentiation of stem cells[END_REF] for monitoring homeostasis mode by sensing the redox cycle of glutathione; [START_REF] Alessandri | All-oxide Raman-active traps for lLight and matter: probing redox homeostasis model reactions in aqueous environment[END_REF] for detection of biomarker (L-glutathione) on quantum scaled Si or the detection of post-translational modification of Histone H3 (on core-shell SiO2-TiO2). [START_REF] Bontempi | Probing lysine mono-methylation in histone H3 tail peptides with an abiotic receptor coupled to a nonplasmonic resonator[END_REF] To characterize cell type, Haldavnekar et al described an engineered 3D assemblies of ZnO-based quantum probes on a nano-dendrite platform where the cells are able to attach and proliferate. The ZnO quantum dots were efficiently internalized by the cells. After fixation and drying of the cells, the Raman spectra obtained allowed the discrimination between cancer cells and non-cancer cells. [START_REF] Haldavnekar | Non plasmonic semiconductor quantum SERS probe as a pathway for in vitro cancer detection[END_REF] Another example was reported by Lan et al. where cancer and non-cancer cell lines were cultured on 3D assemblies of GCDs-Mn3O4 nanocomposites. The spectra obtained from cells cultivated on such substrates were sufficiently enhanced for quantification and to discriminate between the two kinds of cells, based on a lipid/protein-DNA/RNA signal ratio. [START_REF] Lan | Self-assembled nanoporous graphene quantum dot-Mn₃O₄ nanocomposites for surface-enhanced Raman scattering based identification of cancer cells[END_REF] Another substrate consisting in quantum-structured TiO2 nanostructures were used to discriminate breast cancer cells and fibroblasts. This discrimination was based on the lipid/protein ratio together with a specific EGFR peaks. [START_REF] Keshavarz | Metal-oxide surface-enhanced Raman biosensor template towards point-of-care EGFR detection and cancer diagnostics[END_REF] Similarly, interconnected nanocarbon web could be applied for in vitro detection and differentiation of HeLa cells and fibroblasts from distinctive SERS band profile of lipids, proteins and DNA/RNA. [START_REF] Chowdhury | SERS-active 3D interconnected nanocarbon web toward nonplasmonic in vitro sensing of HeLa cells and fibroblasts[END_REF] Non-plasmonic NPs could also serve for SERS imaging. For example, Alizarin Red modified TiO2 NPs were used for cancer cell imaging; 57 alkyne conjugated MoS2 for live cell imaging; cyanine-labeled CuS for cancer tissue imaging. [START_REF] Qiu | Photodegradable CuS SERS probes for intraoperative residual tumor detection, ablation, and self-clearance[END_REF] Regarding biosensing applications, the sensing results were obtained with pure solutions of molecules. However, one challenge of this type of detection test is to be able to detect the target analytes from complex fresh samples, such as blood, or cell extracts. For cell characterization, the published results are all obtained on label-free SERS substrates, so the spectra might be very complex to analyse. The combination of artificial intelligence would be a promising way to interpret the complicated data. In SERS imaging, non-plasmonic NPs have shown great potential, but efforts should be devoted to developing Raman tag with specific, stable signal and good compatibility.

Nanomaterial

Conclusion

This review presents a number of examples of nanostructures with non-plasmonic SERS effect for biomedical applications. The mechanisms leading to the improvement of Raman signals are first summarized, from the resonance effect to the electromagnetic (EM) or chemical enhancement (CM), fluorescence quenching and laser-driven birefringence. A description of the large range of nanomaterials (carbons, oxides, chalcogenides, polymers, semimetals, silicon, etc.) that can be used for non-plasmonic SERS detection is then provided. The main interests of these materials, compared with their plasmonic counterparts (e.g. noble Au and Ag NPs), are non-photothermal interference and low-cost. However, their EF value (< 10 3 ) is usually lower than that of plasmonic SERS nanostructures (10 10 -10 11 ). The main strategy to increase EF is to tailor the surface composition (ex.

Cu7.2S4 versus Cu2S), defect (ex. oxygen vacancies in TiOx and WO3-x), morphology (ex. porous 3D carbon network, mesh Si and MOF) and energy level (ex. shifted Fermi level of graphene-TiO2 composite, heterojunction of crystal-amorphous core-shell TiO2 NPs) of the substrate. The combination of CM with fluorescence quenching (ex. GQDs-Mn3O4 nanocomposite) and birefringence (ex. chiral CNTs/TiO2) are also efficient approaches to achieve sensitive SERS. Through these strategies, the EF of non-plasmonic SERS nanostructures can achieve up to 10 10 , comparable to the values obtained with plasmonic SERS substrates, opening promising prospects for bioimaging, sensing and biomolecule tracking.

However, the examples of biomedical applications of non-plasmonic SERS materials are limited to proofs of concept. Several challenges still need to be addressed to boost practical and real-world applications for both direct and indirect plasmon-free SERS detection. A key issue concerns biosafety with the necessity to select the appropriate materials in order to develop non-toxic nanostructures for both in vitro and in vivo applications. Biocompatibility can be further improved via NPs surface functionalization with protecting coatings such as organosilanes or polyethylene glycol. Besides, surface functionalization can also impart higher colloidal stability to the SERS nanoparticles.

Regarding direct detection, the complexity of the Raman signals arising from the non-specific adsorption of biomolecules on the SERS substrate is a crucial issue. Although cell characterizations (normal/cancer) have been successfully performed using non-plasmonic SERS, the analysis of large amounts of data from tissue should be associated in the future with artificial intelligence (ex. big data analytisis and machine learning). In the domain of indirect detection, the main bottle-necks are generally the low availability of Raman tags exhibiting signals in the biological-silent window (1800-2600 cm -1 ) and suitable coupling agents for the attachment of bioreceptors. The most common used Raman tags, for example small dye molecules of MB and rhodamines, exhibit Raman peaks in the range of 500-1800 cm -1 , and are thus hard to track in biological environment. In contrast, tags bearing -CN or -CCH groups (Raman shift at 2000-2300 cm -1 ) are good candidates for SERS bioimaging. The conventional coupling agents to graft Raman reporters or receptors on the SERS substrates are thiols molecules, resulting in the formation of surface-S bonding. However, the use of thiols is mainly limited to metals and chalcogenides surfaces but it is inefficient for the functionalization of most nonplasmonic SERS substrates. Therefore, great efforts remain to be done to develop controllable and efficient surface functionalization strategies for the immobilization of Raman reporters or/and bioreceptors on non-plasmonic SERS substrates in order to achieve accurate, reliable, sensitive and specific bio-detection.

Figure 2 .

 2 Figure 2. Illustration of Raman signal enhancement mechanisms, based on (EM) electromagnetic field interacting with a metal sphere; (CM) electron transfer between a particle and a molecular adsorbate (yellow and green arrows); (Fluorescence quenching) illustration of the quenching of fluorescence process: formation of an adsorbate/metal complex resulting in an additional channel of nonradiative return to ground state; (birefringence) in chiral substrates.

Figure 3 .

 3 Figure 3. (a) TEM and (inset) illustrative image of GQDs-Mn3O4 nanocomposites. (b) Raman spectra of RhB on glass, GQDs and GQDs-Mn3O4. (c) Energy level diagram for GQDs-Mn3O4 and RhB molecule. (d) Raman spectra of HeLa, HepG2 and 7702 cells on SERS active GQDs-Mn3O4 substrate and glass slip. Reproduced (Adapted) with permission from Ref. 43, Copyright 2017, Royal Society of Chemistry. (e) TEM image of chiral R-

Figure 4 .

 4 Figure 4. (a) Nano dendrites supported ZnO quantum probes for cell adhesion (SEM image scale = 10 μm) and the SERS (colored) / Raman (black) spectra of cells. Reproduced (Adapted) with permission from Ref. 54,

Figure 5 .

 5 Figure 5. (a-c) SEM images of hierarchical flower-like CuS microspheres exhibiting (a) numerous petals, (b) sparse petals and (c) piled sheets. Insets shown the corresponding typical TEM images. Reproduced (Adapted) with permission from Ref. 76, Copyright 2021, Elsevier. (d) Representative scheme of the laser-induced photodegradation of hollow CuS SERS probes. (e) Typical TEM images of CuS hollow particles under continuous laser irradiation (980 nm, 800 mW) for 1-5 min. Reproduced (Adapted) with permission from Ref. 80, Copyright 2019, American Chemical Society.

(R2- 7 )

 7 Figure 6. (a-c) Typical SEM images of MoS2-0.62 (a), MoS2-0.87 (b), and MoS2-1.12 (c); (d-f) corresponding TEM images and (g-i) HRTEM images. Insets in Fig. (g-i) represent the line profiles measured from the white lines in (g-i) for the MoS2 lattice constants of 0.62, 0.87, and 1.12 nm. (j) Scheme of Raman enhancement on MoS2 microspheres with different interlayered spacing. (k) EFs of MoS2-0.62, MoS2-0.87, and MoS2-1.12, probed with 4-MBA, 4-MPy, and 4-ATP. Reproduced (Adapted) with permission from Ref. 89, Copyright 2020, American Chemical Society.

Figure 8 .

 8 Figure 8. (a) Photograph of the DFH-4T film (the inset is the corresponding chemical structure); (b) SERS spectra of MB molecule on DFH-4T films. Reproduced (Adapted) with permission from Ref. 99, Copyright, 2017, Springer Nature. (c) Schematic illustration of the 1T' transition metal telluride 2D layer platform (1T′-W(Mo)Te2) for SERS detection; (d) Side view of the electron density isosurface of chemically adsorbed R6G on 1T'-WTe2; (e) The density of states of the 1T'-WTe2 layer near the Fermi levels. Reproduced (Adapted) with permission from Ref. 103, Copyright, 2018, American Chemical Society. (f) SEM image of MIL-100(Fe) platform; (g) Energy-level illustrations of the target VOCs analytes (toluene, acetone and chloroform) relative to MIL-100(Fe), with respect to the vacuum level. Reproduced (Adapted) with permission from Ref. 107, Copyright, 2020, Wiley. (h)

Figure 9 .

 9 Figure 9. Surface engineering of SERS substrates, from the absence of surface modification to functionalization with biocompatible coating, Raman tag (reporter) or bio-receptor for biosensing, cell characterization and SERS imaging.

  

  

  

Table 1 .

 1 Substrates for non-plasmonic detection with excitation laser wavelengths ex, reference molecular probe, limit of detection, maximum enhancement factors (EF).

	Substrate (laser lex)	Probe	LOD (M)	Enhancement factor (EF)	Ref
		Carbons			
	0D graphene quantum dots (GQDs)		
	GQDs-Mn3O4 (ex = 514 nm)	Rhodamine B	-	2.06 × 10 4	43
	N-GQDs (ex = 488 nm)	Rhodamine B	10 -10	3.2 × 10 3	44
		1D carbon nanotubes (CNTs)		
	R/L-CNTs/TiO2 (ex = 532 nm)	Methylene blue	5 × 10 -5	-	24
		2D Graphene			
	EG-TiO2 (ex = 633 nm)	CuPc	6 × 10 -5 (2.07 × 10 -16 IU)	48.2	49
	Graphene flask (ex = 633 nm)	Hemoglobin	-	4.5	50
	GMFs/W-MoS2 (ex = 632.8 nm)	Rhodamine B	5 × 10 -11	2.96 × 10 7	51
	3D interconnected nanocarbon web (INW)		
	INW (ex = 785 nm)	Crystal violet	-	3.66 × 10 4	9
		Oxides			
		Zinc oxide			
	Amorphous ZnO nanocages (ex = 633 nm)	4-MBA, 4-MPY, and 4-ATP	10 -4	6.62 × 10 5	53
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