

[image: image1]
A review of clinical use of surface-enhanced Raman scattering-based biosensing for glioma









 


	
	
REVIEW
published: 08 April 2024
doi: 10.3389/fneur.2024.1287213








[image: image2]

A review of clinical use of surface-enhanced Raman scattering-based biosensing for glioma

Guohui Yang1, Kaizhi Zhang1*, Weiqing Xu2 and Shuping Xu2,3,4*


1China-Japan Union Hospital of Jilin University, Changchun, China

2State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University, Changchun, China

3Institute of Theoretical Chemistry, College of Chemistry, Jilin University, Changchun, China

4Center for Supramolecular Chemical Biology, College of Chemistry, Jilin University, Changchun, China

Edited by
 Mohamed Soliman, Cairo University, Egypt

Reviewed by
 Zhen Qiu, Michigan State University, United States
 Esteban Quiceno, University at Buffalo, United States

*Correspondence
 Kaizhi Zhang, zhangkz@jlu.edu.cn 
 Shuping Xu, xusp@jlu.edu.cn

Received 01 September 2023
 Accepted 27 February 2024
 Published 08 April 2024

Citation
 Yang G, Zhang K, Xu W and Xu S (2024) A review of clinical use of surface-enhanced Raman scattering-based biosensing for glioma. Front. Neurol. 15:1287213. doi: 10.3389/fneur.2024.1287213
 

Glioma is the most common malignant tumor of the nervous system in recent centuries, and the incidence rate of glioma is increasing year by year. Its invasive growth and malignant biological behaviors make it one of the most challenging malignant tumors. Maximizing the resection range (EOR) while minimizing the impact on normal brain tissue is crucial for patient prognosis. Changes in metabolites produced by tumor cells and their microenvironments might be important indicators. As a powerful spectroscopic technique, surface-enhanced Raman scattering (SERS) has many advantages, including ultra-high sensitivity, high specificity, and non-invasive features, which allow SERS technology to be widely applied in biomedicine, especially in the differential diagnosis of malignant tumor tissues. This review first introduced the clinical use of responsive SERS probes. Next, the sensing mechanisms of microenvironment-responsive SERS probes were summarized. Finally, the biomedical applications of these responsive SERS probes were listed in four sections, detecting tumor boundaries due to the changes of pH-responsive SERS probes, SERS probes to guide tumor resection, SERS for liquid biopsy to achieve early diagnosis of tumors, and the application of free-label SERS technology to detect fresh glioma specimens. Finally, the challenges and prospects of responsive SERS detections were summarized for clinical use.
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1 Introduction

Cancer has become the most significant disease that troubles human society. Glioma is one of the most common malignant tumors in the nervous system in the world, and the incidence rate is increasing year by year (1). When normal cells transform into malignant tumor cells, they acquire special abilities, such as immune escape, infinite proliferation, invasive growth, anaerobic digestion, and promoting vascular proliferation (Figure 1).
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FIGURE 1
 The hallmarks of glioma tumor.


In the process of tumor development, changes in metabolites produced by tumor cells and their microenvironments often precede variation in their imaging, and also play a certain guiding role in the developing mechanisms of tumor cells. For example, glioma cells have the common value-added characteristics of general malignant cells, which can be glycolytic in an oxygen-free environment, so that the local microenvironment of tumor cells becomes acidic. At the same time, intracellular matrix metalloenzyme, one of the main reasons for glioma cells causing invasive damage, and the elevated cytokine interleukin-1 in Glioma β (IL-1 β) and tumor necrosis factor-α (TNF-α), are all overexpressed (2). Therefore, the proliferation, migration, and invasion of cancer cells are accompanied by significant changes in tumor-related metabolites and microenvironments (3, 4). Monitoring the metabolites and microenvironment of tumor tissue can serve as a primary method for diagnosing and treating cancer, which has received widespread attention in biomedical applications.

At present, surgical resection is still the main way to treat malignant tumors. Due to the invasive nature of glioma, the main problem of glioma surgery is to retain normal brain tissue while resecting glioma tissue as much as possible. It is of great significance for prolonging the survival period and improving the quality of life of patients, and can minimize the occurrence of postoperative complications to the greatest extent possible (5). However, due to the invasive nature of malignant tumors, identifying the boundaries of malignant tumors is particularly difficult. Many imaging technologies have been used for guiding the diagnosis and treatment of glioma, determining the boundaries of gliomas in clinical practice, for instant, pre-operative and intraoperative magnetic resonance imaging (MRI), fluorescence, intraoperative ultrasound, and intraoperative neuroelectrophysiological testing. Pre-operative nuclear magnetic plain scan and enhanced examination can effectively locate and qualitatively identify the location of tumors and accurately identify the relationship between functional areas. However, there are significant differences in functional and anatomical aspects. The variability between individuals, the impact of brain tumors, and their associated mass effects may distort common anatomical markers, making anatomical-based functional localization inaccurate (6). In recent years, intraoperative MRI and intraoperative ultrasound have been widely used to resect gliomas (7). It has been fully demonstrated that using intraoperative MRI significantly improved the surgical success rate and prognosis of glioma patients. However, it cannot be denied that intraoperative MRI and intraoperative ultrasound imaging have some limitations. Artifacts often appear in intraoperative ultrasound imaging, and intraoperative MRI, which needs to terminate the surgical process and is a major challenge for surgeon (7). Fluorescence imaging related to tumor metabolites has been widely used in clinical practice in recent years (8), especially the dyes with an emission in the near-infrared spectroscopic range (9). So far, the clinically allowed auxiliary imaging agents mainly include fluorescein sodium (FLS), indocyanine green (ICG), and 5-amino Levulinic acid (5-ALA) (10–12). Under normal conditions, fluorescein sodium has a large molecular weight and cannot penetrate the normal blood–brain barrier. However, due to the invasive growth of glioma cells, vascular endothelial cells were damaged so that fluorescein could enter tumor tissue through the blood–brain barrier, giving unique yellow-green fluorescence. However, the inherent drawbacks of fluorescence, such as rapid bleaching and short blood circulation, hinder clinical development (13, 14). Intraoperative neuroelectrophysiological monitoring technology is another technique that mainly focuses on the removal of gliomas located in the functional area. It can effectively avoid damaging the main functional nerves during the removal of gliomas located in the functional area, while preserving some neural function while maximizing tumor resection. However, intraoperative electrophysiological monitoring cannot identify the boundaries of gliomas (15). Among the commonly used techniques nowadays, an examination technique that can quickly, sensitively, and accurately determine the boundaries of gliomas is still highly required. The advantages and disadvantages of these technologies are summarized in Table 1.



TABLE 1 Advantages and disadvantages of glioma detection technology.
[image: Table1]

Raman scattering originates from the inelastic scattering of light, which can directly reflect the vibration/rotational vibration information in molecules and materials (16). Due to the specific spectral effects of Raman scattering on specific biological molecules, it can be used for imaging tissues and cells (17). In addition, Raman scattering has minimal sample preparation, low water molecule interference, and the ability to simultaneously monitor multiple molecules, making it an ideal method for detecting tumor-related metabolites (18). However, normal Raman scattering is usually a very weak process since only one out of approximately 108 photons will spontaneously undergo one Raman scattering photon (19). This inherent weakness limits the strength of the available Raman signal. It is found that molecules adsorbed on rough precious noble metal surfaces can realize a significantly enhanced Raman signal by a billion orders of magnitude (20), noted as surface-enhanced Raman scattering (SERS) (21). SERS overcomes the shortcomings of weak Raman scattering signals, making SERS an applicable tool for biomedical applications. SERS mainly has the following advantages for biomedical purposes: (1) High specificity. Due to the different spectral characteristics of SERS generated by different molecules, the SERS spectrum reflects the intrinsic characteristic structures of different molecules in the form of fingerprints, thus possessing the advantages of high specificity. (2) High sensitivity. Molecules adsorbed on rough precious metal surfaces can enhance a Raman signal by a fold of about 106, contributing to subtle spectral change extraction (21). (3) In situ detection. This technology can achieve in situ detection, which means that molecules can be measured from their original positions, no matter tumor cell tissues, its microenvironments, or interstitial fluids (22, 23). (4) No interference from water. Since water can provide signals in many spectral ranges (infrared, terahertz and microwave, etc), it will be troubled when applying those methods in water systems. For Raman and SERS approaches, most tissues and cells give signals in a range of 400–2,000 cm−1, which has no overlaps with water. SERS technology has already become a promising detection method for biomedical testing, liquid biopsy, and in vitro diagnosis (IVD) (24, 25).

In this review, we focus on SERS applications in glioma-related systems. First, the SERS nanoprobes were introduced, followed by a summary of their configurations and responsive mechanisms. Next, the biomedical applications of these responsive SERS probes are listed and presented in detail: (1) detecting tumor boundaries using pH-responsive SERS probe, (2) using SERS-active nanoparticles to guide tumor resection, (3) SERS technology for liquid biopsy for early diagnosis of tumors, and (4) free-label SERS technology of fresh specimens for qualitative diagnosis of glioma. Finally, we will state the challenges of SERS in the clinic fields and prospects for future progress.



2 SERS probes for clinical use

SERS is strongly dependent on SERS substrates. As we all know, SERS substrates are mainly represented in two forms, solid-supporting substrates and colloidal nanoparticles. Colloidal SERS-active nanoparticles are dominantly used in biomedical fields. In most sensing strategies, indirect SERS was adopted, and SERS tags with a noble metal nanoparticle decorated with Raman reporter molecules (sometimes a protective layer is also needed) were fabricated. Plasmonic nanomaterials including gold and silver are the first choices of most SERS clinical studies. Very limited publications utilized the SERS-active semiconductor materials, e.g., metal oxides, silver halide, single-element semiconductors, and semiconductor sulfides/arsenides (26). The materials of plasmonic nanoparticles have significant impacts on the SERS intensities. Gold nanospheres, nanorods, and nanostars are highly stable and not easily oxidized, which have been chosen in many studies. Although silver nanoparticles are prone to oxidation, the Raman signals generated above Ag exhibit much stronger than that of gold nanoparticles (27). Optimization of size and shape allows passive enrichment of nanoparticles to the tumor location. Nanoprobes with specific sizes can pass through tumor tissue but not normal tissue (28), which can be explained by the permeability enhancement effect that is caused by the destruction of blood vessels around the tumor tissue and the retention effect due to the destruction of the lymphatic channels around the tumor tissue, reducing the reflux of the nanoprobe. Thus, the edge of the tumor can be delineated and depicted according to the residue of the nanoprobe. To track immune information on tissue samples, the immuno-SERS tags (Figure 2) were employed (29), which can provide feedback on immune information on the surface of tissue samples, similar to immunohistochemistry. These SERS tags were decorated with antibodies to enrich them with high-specific identification functions, and they use the fingerprint characteristics of reporter molecules to simultaneously realize multiplex detections of antigens and targets.
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FIGURE 2
 Schematic illustration of the immuno-SERS nanoprobe.


A highly sensitive and responsive SERS nanoprobe is preferred, which can respond quickly to tumor microenvironments that become an indicator for malignant lesions. A stable, responsive SERS probe typically consists of three parts: a noble metal substrate, responsive Raman reporter molecules, and a protective layer (30). A typical pH-responsive probe is fabricated by attaching pH-sensitive Raman reporters to plasmonic nanoparticles. With the change of pH value in the environment, the reporter molecule will undergo structural changes due to the protonation/deprotonation, and its vibration mode will also undergo corresponding changes (31). Thus, different Raman signals infer different pHs, pointing to the intracellular microenvironments (32). The commonly used pH-responsive Raman reporters include 4-mercaptopyridine (4-MPY), p-aminophenylthiol (p-ATP), 3-amino-5-mercapto-1, 2, 4-triazole (AMT), and 2-aminophenylthiol (2-ABT), etc. (33–39).

In addition, to avoid unspecific binding from the other matrices, a protective layer is needed to protect them from damage and replacement. At present, the protective layers include bovine serum albumin (BSA), SiO2, MnO2, TiO2, and organic polymers (40, 41). Sometimes, organic polymers (pegylated) (42) or carbon (graphitic) shells (43) are also used. Nowadays, SiO2 is a common protective layer, which is usually formed by the decomposition of Na2SiO3 or tetraethyl orthosilicic acid (44, 45). The protective layer can also prevent SERS tags from the influence of working surroundings. For example, a metal–organic framework (MOF) as a shell can protect Au nanoparticles from aggregation, which was used for indicating tumor edge under SERS imaging (46).

Endowing the specific target recognition feature to SERS tags for the cell membrane and organelle surface has been well designed in recent years. Kircher et al. (47) injected Au@SiO2 nanoprobes coated with 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic acid (DOTA) into the tail vein of mice for SERS imaging. The aggregation of nanoprobes in tumor tissue can clearly observe the tumor area, thus revealing tumor tissue that cannot be detected by the naked eye. In addition, Vendrell et al. (48) developed an efficient tumor-targeting nanostructure based on the single-walled carbon nanotubes (SWNTs), which provides a strong and fixed Raman peak at 1,593 cm−1. SWNTs were decorated with an RGD peptide (arginyl-glycyl-aspartic acid) to increase the cancer cell internalization efficiency. This nanoprobe was injected through the tail vein of mice to identify boundaries by tracking the location of probes.



3 Application of responsive SERS probes in biomedical fields


3.1 Tumor cell microenvironments revealed by SERS

The metabolic growth and development of cells are often accompanied by the acidification of extracellular fluid, which is often accompanied by cell aging, apoptosis, proliferation, etc., especially for tumor cells. The tumor’s extracellular fluid is often accompanied by a change in extracellular pH (49). Therefore, detecting the pH of extracellular fluids to be acidic can be a sign of tumors. Research shows that the acidification of extracellular fluid is often related to the invasion of nausea tumors. Therefore, exploring a pH-responsive SERS probe becomes a feasible way to distinguish tumor boundaries.

Li et al. (50) reported an intelligent SERS navigation system for describing the acidic edge of glioma with a nondestructive way (Figure 3). They utilized the water droplet extraction to transfer the acidic microenvironment of the tumor cutting edge into a drop of water. Then, they put the drop on a pH-sensitive SERS chip that had been modified by IR7p, which underwent protonation and deprotonation according to different environments, giving color changes and SERS signal variation. Based on its color sensing method, the acidic range of the environment was determined. The model was applied to a rat tumor-bearing model and the intraoperative resection of glioma. The results showed that the recurrence time of the tumor in the group of rat glioma resection guided by SERS technology was significantly later than that of other groups. Further, they applied this technology to human glioma tissue. It was shown that the detection results of SERS technology guided by pH were consistent with those of hematoxylin–eosin (HE) staining, and it could quickly depict the pH map of the tumor resection bed. Acidity-related cancer cell density and proliferation levels were shown in animal models and tumor margin tissues excised from glioma patients. Compared with conventional strategies used in clinical practice, the overall survival rate of postoperative animal models guided by the SERS system significantly increased. This technology is expected to accelerate the clinical transformation of acidic edge-guided surgery.

[image: Figure 3]

FIGURE 3
 Schematic diagram of the SERS navigation system intraoperatively delineating acidic margin of glioma. A trace amount of pure water (≈0.4 μL) in the pipette tip contacts suspicious tissue at the tumor cutting edge for 2~4 s. Then, the water droplet is sucked back and dripped onto a pH-sensitive SERS chip. The Raman spectra of the aqueous sample on the SERS chip were acquired by a handheld Raman scanner equipped with a 785 nm laser. The pH map of tumor cutting edges was intraoperatively delineated with the assistance of a deep learning model by automatically analyzing the Raman spectra. With the guidance of the pH map, acidic tissues with pH values less than 7.0 were excised (50). Copyright 2022 John Wiley and Sons Ltd.


Zhang and Xu developed a similar SERS strategy for rapid diagnosis of glioma boundary by using an ultrasensitive SERS substrate and a portable Raman spectrometer (Figure 4). They prepared a SERS substrate by the self-assembled silver nanoparticle monolayer bridged by polyelectrolyte, followed by an assembled layer of 4-MPY. They constructed pure water droplet arrays in different regions of tumor tissue, which can allow the interstitial fluid of tumor tissue to diffuse into water. By monitoring the peak intensity ratio of 4-MPY (1,091 cm−1/1,580 cm−1) recorded by a portable Raman spectrometer, the acidification characteristics of tumor regions were revealed, which shows a different pH relative to normal tissue, thereby accurately distinguishing the tumor boundaries. The detection results were consistent with the results achieved by the microelectrochemical pH electrode. This method has no harm to the surgical tissue and is expected to replace the rapid pathological detection during the operation of glioma and become a feasible technology for intraoperative navigation (23).

[image: Figure 4]

FIGURE 4
 Preparation of a tumor-bearing model in a naked mouse, the extraction of the interstitial fluid of a glioma sample, and its SERS measurement by a portable optical-fiber Raman spectrometer equipped with a 532 nm laser (23). Copyright 2022 Elsevier Science.




3.2 Illuminating glioma in living body by SERS

By the tissue injection of SERS nanoprobes to start circulatory system delivery, SERS technology can determine the boundaries of gliomas in a living body. Karabeber et al. (51) loaded tumors on mice to simulate human glioblastoma. After injecting Au@SiO2 nanoparticles through the tail vein and circulating in the body for 24 h, brain tissue was taken and fixed in formaldehyde. Mouse glioma tissue was detected under white light, static Raman instrument, and handheld Raman spectrometer (Figure 5). When glioma tissue was removed, residual nano signals of tumor tissue could be detected using a static Raman instrument at a vertical angle facing the tissue. Once these residual signal tissues were removed, no residual tumor tissue was observed. However, when the angle was changed, residual glioma tissue was still found in the brain tissue around the tumor. Subsequently, after slicing the tissue area and conducting a pathological examination, it was indeed a residual tumor tissue. This study proves that the detection of glioma tissue can be achieved through SERS technology, and the portable Raman analyzer has a more convenient and sensitive detection method.

[image: Figure 5]

FIGURE 5
 Glioblastoma (GBM) resection with the guidance of a Raman microscope. (A) Photographs of the intact brain before (A1) and after (A2,A3) successive tumor resections guided by the Raman microscope (fixed 90 angle). When the hand-held Raman scanner was used at variable angles after these resection steps, additional microscopic tumor tissue was detected (location depicted by arrowhead in A4). (B) SERS images acquired with the Raman microscope before (B1) and after (B2,B3) successive tumor resections. (C) The hand-held Raman scanner was used for verification of signal (C1–C3) observed with the Raman microscope (B1–B3). (C4) Angulated scanning of the lateral wall of the resection bed with the hand-held Raman scanner detected microscopic tumor, which had been missed by the Raman microscope. Tissue was left in place for histological verification in situ (red Raman spectra = nanoparticles detected in brain tissue; blue Raman spectra = SERS nanoparticle standard as control) (51). Copyright 2014 ACS.


Han et al. (52) developed a AuS-IR7 probe, and they injected it intravenously into mice (Figure 6). After reaching the tumor tissue with the probe, they measured the area with the strongest surface-enhanced resonant Raman scattering (SERRS) of AuS-IR7, guiding the edge resection. After resection, MRI was used to evaluate the postoperative prognosis of the SERS-guided resection in comparison to the white light-guided resection. The MRI images showed that the tumor tissue excised under white light showed an enhanced MRI signal on the fifth day. On the 12th day, the recurrent tumor tissue reached 14 mm3, and almost occupied the Cerebral hemisphere 15 days later. Interestingly, the tumor tissue resected under the SERS guide did not exhibit noticeable MRI signal enhancement, proving that SERS-guided resection provided a better prognosis.

[image: Figure 6]

FIGURE 6
 AuS-IR7 intraoperatively guiding glioma resection in live mouse models. (A) Pre-operative T1W and T2W MR images of rat brain bearing orthotopic glioma xenograft. Tumor was located in the cortex (left, rat1) or corpus striatum (right, rat2). (B) Drawing up a surgical plan before the craniotomy. (C) Sequential glioma resection pictures of a rat bearing orthotopic glioblastoma xenograft. Yellow dashes marked the areas with detectable Raman signals. Star symbols present the points with the highest Raman signal. (D) In vivo Raman spectra at the sequential steps during the SERRS-guided tumor resection. The characteristic twin peaks of AuS-IR7 were highlighted by dash squares (52). Copyright 2019 ACS.


Diaz et al. (53) also realized the transmission of SERS-active gold nanoparticles through the blood–brain barrier through focused ultrasound so that nanoparticles can be accurately injected into tumor tissue, and tumor boundaries can be accurately identified through SERS measurement to achieve resection.



3.3 SERS techniques in liquid biopsy for early diagnosis of tumors

The preventive measures currently taken for malignant tumor cells in clinical practice are still secondary prevention, namely early detection and early treatment. Early detection and early treatment can achieve maximum relief of patient pain while obtaining the best therapeutic effect. Pathological biopsy is mainly used as the gold standard in clinical practice to determine tumor type and staging (54). Because it is an invasive operation that causes great damage to patients, a new non-invasive method for detecting tumor cells is urgently needed. Some biogenic substances in blood were also used for biomarkers, such as Alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), carbohydrate antigen 153 (CA153), carbohydrate antigen 199 (CA199), carcinoembryonic antigen 125 (CA125), prostate-specific antigen (PSA), etc. (55, 56). However, these biomarkers are often used for recurrent diagnosis and are not sensitive to early diagnosis.

Liquid biopsy can achieve non-invasive detection while minimizing patient pain. Research shows that endogenous substances in the body can be stored in the internal environment of the human body, such as blood, interstitial fluid, urine, saliva, and cerebrospinal fluid, and these substances can be revealed by SERS. The endogenous substances found in recent years mainly include circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), microRNAs (miRNAs) and some substances secreted in exosomes (57, 58). Especially for glioma tissue, early detection and concurrent surgical resection can preserve the functional area of tissue to the maximum extent, and resect tumor tissue to the maximum extent, which can greatly increase the prognosis and quality of life of patients. Due to the invasive growth of glioma, blood–brain barrier is damaged. So the extracellular vesicles (EVs) of biological fluid that are not easy to appear in the blood. At the same time, the presence of cerebrospinal fluid greatly increases the chances of this substance being present.

Jalal et al. (59) developed a nanorobot-shaped antenna-decorated microfluidic device to identify EVs (Figure 7). They separated EVs from non-cancer cell lines and two different glioma cell lines (U373 and U87) to measure their SERS spectra. The SERS data displayed characteristic peaks layed near 1,250, 1,325, and 1,580 cm−1. Liposomes, U373, and U87 can be accurately distinguished by the covariance PCA algorithm. They can be considered as the special fingerprints of U373 and U87 EVs. This study displays that the SERS integrated with microfluidic devices provides the potential for the diagnosis and treatment of glioma.

[image: Figure 7]

FIGURE 7
 Ultrasensitive SERS detection of EVs from non-cancerous (NHA) and cancerous (U373) glial cells as well as liposomes with the nanobowtie microfluidic chip. (A) SERS characterization for investigating the specific Raman scattering signals of EVs derived from non-cancerous glial cells (NHA), cancerous glioma cells (U373) and liposomes. Each spectrum is the mean value of the spectra and the SD is demonstrated with lighter color. For each sample, a minimum of 15 data points were used after the normalization process and elimination of the out of range data points. (B) Unique peaks existing in EV spectra that did not appear for liposomes or were considerably weak. (C) PC1 and PC2 loading Raman bands based on which the (D) PCA score plot of the SERS data, demonstrating the distinct position of the spectra from each sample, and that each type is defined. Each point is related to one experiment. In the same color, the 95% confidence ellipses are demonstrated. (E) Comparison analyses of lipid membrane properties (Chol amount) based on the R = I2,880 cm−1/I2,930 cm−1 intensity ratio distribution. Each point is related to one trial. (F) The histogram and correlated fit of R-values for liposomes and EVs, demonstrating the composition of Dioleyl phosphatidylcholine (DOPC): Chol while showing the heterogeneity (59). Copyright 2021 RSC.


In recent years, ctDNA has become an emerging liquid biopsy biomarker, mainly derived from cell apoptosis, necrosis, and secretion processes. The content of single-base mutated ctDNA sequences increased in diffuse intrinsic pontine gliomas (DIPGs). Miao et al. (60) reported a method by combining cyclic enzyme DNA amplification technology and gold nanoparticles@silicon (AuNPs@Si) assisted SERS technique, as shown in Figure 8. They designed an oligonucleotide probe folded into a stem ring hairpin, labeled with a cyanine dye (Cy5) at the 5′ end. The stem ring structure of the oligonucleotide probe could be changed by hybridization with the target sequence of the mutant ctDNA, forming a new double helix structure. In the new double helix structure, the prominent 3′ end can be specifically recognized by the Exo III enzyme and gradually cleaved into nucleotides. After the cleavage process was completed, the target sequence of ctDNA would be released into the solution and recycled for the next round of enzymatic DNA cleavage of oligomer probes. In this way, the residual DNA sequence generated by enzymatic cleavage of oligonucleotide probes accumulated to a large amount through this cyclic reaction. They added AuNPs@Si to hybridize, causing the Cy5 tag closer to the substrate, efficiently generating dense SERS signals. ctDNA can initiate the cyclic generation of residual DNA sequences, thereby achieving SERS detection of ctDNA based on the content of Cy5. The results indicated the SERS intensity at 1,366 cm−1 showed a particular linear relationship when the concentration of ctDNA increased from 1 pM to 0 fM. Therefore, an early diagnosis of glioma was achieved based on the changes in SERS intensity displayed by the changes in the content of ctDNA in blood.

[image: Figure 8]

FIGURE 8
 (A) The integration of cycled enzymatic DNA cleavage/amplification and SERS for sensitive detection of ctDNA. (B) The scanning electron microscopic image of the AuNPs@Si substrate. (C) SERS spectra of testing Cy5 collected from 50 random spots on the AuNPs@Si substrate in a single assay. (D) Averaged SERS intensities at three peaks from 50 random spots, respectively (60). Copyright 2021 Frontiers Media SA.




3.4 Chemical information revealed by label-free SERS

Using a specific spectrum generated by a certain molecular substance to identify the species has become popular in recent years and has grown fast with the progress of deep learning and artificial intelligence (AI) techniques. The label-free SERS can reveal the chemical information of analytes, which supplies richer component information and avoid the false positive results that could happen in SERS-labeling methods. SERS utilizes the molecular resonance hotspot effect to enhance the spectrum of the molecular substance, making it easier to identify the difference between tumor tissue and normal brain tissue.

Riva et al. (61) analyzed normal and fresh tumor tissues by label-free SERS, and achieved SERS imaging of 63 fresh brain tissues. They collected 3,450 spectra, including 1,377 healthy tissue spectra and 2,073 tumor tissue spectra. Through algorithm recognition, 60 capable characteristic peaks were identified and screened. Based on the spectral analysis, glioma tissue was compared with normal tissue, 19 new characteristic peaks were discovered to be able to distinguish glioma tissue from healthy brain tissue, as shown in Figure 9. They assigned these Raman bands to proteins (524, 933, 963,1,031, 1,035, 1,583, 1,603 cm−1), nuclear acids (498, 780, 825, and 894 cm−1), lips (431, 776, 875, 968 cm−1), collagen (817 cm−1), glycogen (941 cm−1), theme content (743 cm−1), and calibration (975 cm−1). This study is helpful for understanding the occurrence and infiltration relationship of glioma.

[image: Figure 9]

FIGURE 9
 Normalized mean spectra with standard deviation for healthy (blue) and tumor patients (red). Arrows mark the new Raman peaks identified (61). Copyright 2021 MDPI.


Sun et al. (62) compared the Raman spectra of glioma tissue, normal tissue, and 2-hydroxyglutarate (2HG). They selected 24 normal brain tissue and 23 AC/DC tissue samples (Figure 10). After the biopsy, each tissue was cut into 1 mm-thickness sections, and then physiological saline was added. The supernatant was dripped on a PEGylated SERS substrate and their corresponding SERS spectra were measured. Compared with normal tissue, stronger Raman peaks around 500–800, 1,000, and 1,600 cm−1 were found, indicating we enable the differential diagnosis of glioma and normal brain tissue by means of SERS. The summary of the application of SERS in glioma is shown in Table 2.

[image: Figure 10]

FIGURE 10
 Raman spectrum of solid 2-hydroxyglutarate (2HG), the mean Raman spectrum of 23 glioma supernatant, and the mean Raman spectrum of 24 normal supernatant (62). Copyright 2019 John Wiley and Sons Ltd.




TABLE 2 Summary of the application of SERS in glioma.
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4 Summary and outlook

Since the birth of SERS technology, it has been widely used for detecting biological samples with its high sensitivity, specificity, non-invasive, and efficiency. This article briefly introduces the structure and responsive mechanisms of SERS nanoprobes and reviews their applications in glioma-related studies, including the detection of tumor cell microenvironment using SERS technology, SERS imaging of glioma tissue in living body, SERS technology for glioma-related liquid biopsy, and the application of free-label SERS technology to detect fresh glioma specimens for qualitative diagnosis of glioma.

These studies provide broad prospects for the application of SERS technology in biomedicine. However, it is undeniable that SERS technology also has many shortcomings that hinder its application in clinical medicine. Firstly, sample collection. Most Raman detection devices require the transfer of intraoperative tissue to the detection equipment for detection. During the transfer process, it is difficult to avoid causing tissue sample denaturation, which affects signal changes. At the same time, during SERS measurement, the signal is highly susceptible to the influence of the surrounding environment and probe concentration (63). Secondly, more convincing results on the long-term tracking report on the cytotoxicity generated by the injection of nanoparticles into veins are needed. If applied to human tissues, long-term uncertainty and biocompatibility may arise. For the commonly used SERS tags, less toxicity to the human body, safe and unambiguous metabolic pathway, and more obvious signal enhancement (64, 65). Thirdly, due to the need for SERS technology to collect a large amount of spectral information and preprocess the spectral information, the large sample size and complex program are unachievable in clinic. Therefore, it is necessary to explore a fast method for identifying and analyzing spectral information to simplify the complex program required for spectral processing. The development of high-speed imaging technology may be a good solution. Coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS) have been rapidly developed in the last two decades. CARS can detect lipid content. Evans et al. (67) used a CARS microscope to detect the lipid content, and they observed a significant decrease in tumor tissue signal, proving that CARS technology can detect tumor cell boundaries. SRS microspectral technology can generate different signals based on different protein and lipid contents, and can also display different regions. Ji et al. (66) implanted glioblastoma cells into mice, allowing them to infiltrate and grow into tumors. The slices were then subjected to SRS imaging, and the spectral information generated accurately distinguished the protein-rich tumor infiltrating areas from normal brain tissue, indicating that SRS technology is a promising technology in clinical practice (Figure 11). All this indicates that with the help of various effective Raman approaches, people are constantly advancing their understanding of brain glioma. We believe that in the near future, these spectral technologies will continue to carry forward and serve biomedicine deeply.

[image: Figure 11]

FIGURE 11
 SRS images of frozen human GBM xenograft. (A) High-magnification view of normal to minimally hypercellular cortex. (B) Infiltrating glioma with normal white matter bundles (asterisk), tumor-infiltrated bundles (arrow), and dense tumor cells (arrowhead). (C) Bright-field microscopy appears grossly normal, whereas SRS microscopy within the same field of view demonstrates distinctions between tumor-infiltrated areas and non-infiltrated brain (normal), with a normal brain–tumor interface (dashed line) (66). Copyright 2013 American Association for the Advancement of Science.
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