

  molecules-28-04370




molecules-28-04370







Molecules 2023, 28(11), 4370; doi:10.3390/molecules28114370




Review



Application of Metal-Based Nanomaterials in In Vitro Diagnosis of Tumor Markers: Summary and Prospect



Xiaobo Yang 1,2,3,4, Shaodian Zhang 1,2,3,4 and Nong Lin 1,2,3,4,*





1



Department of Orthopedic Surgery, The Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou 310019, China






2



Orthopedics Research Institute of Zhejiang University, Hangzhou 310009, China






3



Key Laboratory of Motor System Disease Research and Precision Therapy of Zhejiang Province, Hangzhou 310009, China






4



Clinical Research Center of Motor System Disease of Zhejiang Province, Hangzhou 310009, China









*



Correspondence: linnong@zju.edu.cn







Academic Editor: Mustafa O. Guler



Received: 18 April 2023 / Revised: 22 May 2023 / Accepted: 23 May 2023 / Published: 26 May 2023



Abstract

:

Cancer, which presents with high incidence and mortality rates, has become a significant health threat worldwide. However, there is currently no effective solution for rapid screening and high-quality treatment of early-stage cancer patients. Metal-based nanoparticles (MNPs), as a new type of compound with stable properties, convenient synthesis, high efficiency, and few adverse reactions, have become highly competitive tools for early cancer diagnosis. Nevertheless, challenges such as the difference between the microenvironment of detected markers and the real-life body fluids remain in achieving widespread clinical application of MNPs. This review provides a comprehensive review of the research progress made in the field of in vitro cancer diagnosis using metal-based nanoparticles. By delving into the characteristics and advantages of these materials, this paper aims to inspire and guide researchers towards fully exploiting the potential of metal-based nanoparticles in the early diagnosis and treatment of cancer.
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1. Introduction


Cancer is a prevalent and lethal disease that constitutes a significant public health concern on a global scale. In China, the prevalence and mortality of cancer are higher than most countries in the world, and these data are showing a rapid elevated trend [1,2,3,4]. The uncontrolled proliferation of cancer cells, often accompanied by infiltration and metastasis, contributes significantly to the elevated mortality rate [5,6]. The development of early-stage cancer diagnosis and clinical targeted therapy has thus become a focal point of research. Conventional techniques, such as cytological examination, imaging examination, and immunohistochemical examination, are frequently employed for the detection and identification of malignant tumors. While imaging technologies such as CT, MRI, and PET-CT can accurately locate the size, shape, and location of tumors, early-stage lesions of certain cancers may be challenging to detect. Moreover, the use of radiation or contrast agents carries inherent risks of toxicity and irradiation. Although cytological examination can detect cell morphology and structure and provide quick diagnosis for certain cancers, it is susceptible to misjudgments of normal cells as cancer cells or vice versa. Immunohistochemical examination, which detects specific proteins in tissue to determine the type and classification of cancer cells, offers a more accurate diagnosis and personalized treatment plans; however, this method typically requires invasive sampling, which may pose unpredictable risks, such as bleeding or infection.



As an emerging technological modality, nanotechnologies have demonstrated notable advantages and extensive potential for application in the field of biomedicine. At present, nanotechnologies have been widely used in the diagnosis and treatment of diseases, such as drug delivery [7,8,9], targeted therapy [10,11], detection and diagnosis [12], and molecular imaging [13,14]. Metal-based nanoparticles (MNPs) are a kind of nanomaterials with extensive and meaningful application possibilities, which can exert a variety of unique physical, chemical, and biological properties and then show strong potential in the early diagnosis of cancer. The principal detection mechanism of this method is grounded on the surface plasma resonance enhancement effect and local surface plasma resonance effect of nanomaterials, as well as their distinct optical, electrical, thermal, chemical, and other properties, which are leveraged through specific biomarker detection methodologies. At present, MNPs have made great strides in in vitro and in vivo screening technologies for early-stage tumor diagnosis. As an illustration, magnetic nanoparticles can be employed in MRI and magnetic navigation technology to enhance the precision and accuracy of cancer cell and metastasis localization and sizing.



As the latest review of recent studies on the use of MNPs, the present review provides a comprehensive summary of the recent research progress in the development of tumor marker biosensors utilizing MNPs. The review appropriately categorizes and summarizes the various types of MNP sensors, bifurcating them into two distinct research directions based on their catalytic and optical properties. Being different from previous studies, we also proposed the challenges of MNPs in clinical application and the main development directions in the future, hoping to provide scientific and valuable ideas for researchers, so that MNPs can give full play to their unique advantages and make contributions to the construction of biosensors with practical application value.




2. Introduction for Tumor Markers


MNPs, as a class of nanomaterials with robust catalytic activity, favorable electrical conductivity, and exceptional optical properties, among other physical and chemical attributes, represent a prime candidate for fabricating biosensors aimed at early cancer diagnosis via the detection of tumor markers. Tumor markers are a group of substances that are overexpressed by the body or cancerous cells during the onset and progression of cancer and play a significant role in the timely diagnosis of cancer patients. Some existing research reports have proved that biosensors constructed based on MNPs can be used for the detection of tumor markers.



Based on published literature, tumor markers can be classified into four distinct groups: biomacromolecules, biomolecules, circulating tumor cells (CTC), and exosomes (Figure 1). Among which, biomacromolecules include nucleic acids and proteins. Different kinds of nucleic acids, such as mRNA, miRNA, and tRNA, play an important role in many pathophysiological phenomena and cell differentiation and proliferation processes, so they can be regarded as markers for early cancer diagnosis. On the other hand, proteins serve as the primary building blocks in the process of cellular proliferation, the expression of tumor-related proteins with explosive growth in early cancer patients, which enables it to accurately determine whether the patient is undergoing disease. For example, the corresponding miRNAs show different expressions in colorectal cancer, pituitary cancer, and other cancers [15,16,17]. Alpha fetoprotein (AFP) or cancer embryo antigen (CEA) can be used as characteristic markers in the early diagnosis of gastric cancer, lung cancer, breast cancer, etc. [18,19,20]. So far, there are more than 160 different types of tumor markers that can be used for the diagnosis of early-stage cancer patients, including hydrogen peroxide (H2O2), glutathione (GSH), and other biomolecule compounds [21,22,23], CTC [24], exosomes engaged in regulating cell waste disposal and intercellular communication, etc. [25].




3. The Catalytic Properties of MNPs for Detecting Tumor Markers


3.1. Construction of Electrocatalytic-Activity-Based Electrochemical Biosensor


In the biological analysis field, electrochemistry and its related technologies can be used as an effective biosensor tool to transform the target analyzer into an electrochemical signal that can be accurately measured [26]. Due to their large grain boundary ratio and high specific surface energy, MNPs can adsorb and bond with other substances, and are widely used in the modification of electrode materials [27,28,29]. At present, the improvement of the biosensor includes two directions: one is switch to a new signal amplification marker to enhance sensor functionality, and other is design and develop a substrate material with better biocompatibility and conductivity, thereby increasing the antibody load and speeding up electron transfer [30].



Using MoS2/Cu-Au as the sensing platform and Mulberry-like porous nanorods (Au@PtPd MPs) as the signal amplifier, Dong’s group successfully constructed a sandwich-type electrochemical immune sensor for the precise detection of CEA with high sensitivity (Figure 2) [31]. Through the test, it was found that the immunosensor showed a wide linear detection range of CEA (50 fg/mL~100 ng/mL), and the lowest limit of detection can reach 16.7 fg/mL. In the presence of interfering substances, such as prostate-specific antigen (PSA), human immunoglobulin G (HIgG), and AFP, the signal of CEA is significantly stronger than that of the interfering substance, and the interfering substance basically has no inductive signal. Upon comparison with the conventional enzyme-linked immunosorbent assay (ELISA) method, the study demonstrated that the variance between the two approaches was less than 5%, thereby verifying the linearity, specificity, and stability of the immunosensor output.



Zhang et al., used hollow magnetic silica-coated nickel/carbon (Ni/C@SiO2) nanocomposites as the carrier and gold nanoparticle-coated polyaniline microspheres (CPS@PANI@Au) as the electrochemical biosensor to develop a sandwich-type electrochemical biosensor for CEA identification (Figure 3) [32]. A gold nanoparticle-coated PANI microsphere with good biocompatible properties can be used as a carrier for fixing proteins, and additional boric acid is introduced to fix the glycoproteins of CEA. On the one hand, hollow magnetic nanosilicon has hydroxyl groups that are easy to be modified on the surface, and on the other hand, it has a larger specific surface area, lower density, and simpler separation method. As a carrier, it has unique advantages for CEA detection with good selectivity and specificity. The complete distribution of PANI endows it with exceptional electron transfer properties, thereby enabling effective amplification of detection signals and leading to a substantial increase in the sensitivity of the sensor. By optimizing the test conditions, it was finally determined that the sensor showed excellent sensing performance. Compared with other interfering substances, such as bovine serum protein (BSA), lysozyme (Lys), and thrombin (Thr), CEA showed significant differences, and the lowest limit of detection was 1.56 pg/mL.



miRNA is often considered unsuitable for use as a tumor marker due to its poor stability, complex structure, and difficulties in preserving and purifying samples, which result in nonspecific detection. In contrast, other markers, such as CEA and AFP, are more frequently used due to their ease of detection. Zhou et al., synthesized a gold nanofilm similar to a 3D popcorn structure as a new type of electrochemically active substrate, and constructed a biosensor, named “molecular machine”, for surface-enhanced Raman scattering (SERS) detection and electrochemical detection and miRNA (Figure 4) [33]. This approach significantly increases the number of active “hot spots,” thereby improving the sensitivity of SERS and electrochemical signals to exquisitely low detection limits, as low as 2.2 fM. The biosensor can also selectively monitor a variety of different biomarkers, making it an ultrasensitive miRNA detection platform by changing the corresponding probe sequence. The versatility and reliability of this method have been confirmed through its successful detection of miRNA levels in different cancer cells, indicating its promising potential for clinical applications.



Before these biosensors mentioned above, many MNP-based electrochemical sensors were developed for the detection of cancer markers. These sensors have demonstrated practicality and reliability and possess a well-established detection system and mechanism. However, the metal elements used in these sensors are mostly precious metals, such as gold and platinum, leaving significant room for improvement in terms of material preparation and reusability (Table 1).




3.2. Chemical Catalysis-Based Tumor Marker Determination


The main principle of chemocatalytic determination of tumor markers is monitoring real-time color signals’ changes through colorimetric methods, and on-site analysis and instant diagnosis could be completed without complex and sophisticated equipment. At present, the reaction media used in this process are primarily synthesized using costly and potent natural enzymes. Nonetheless, the limited storage capacity and purification methods of natural enzymes have significantly constrained their widespread utilization [47]. MNPs have attracted the attention of researchers owing to their enzyme-like catalytic activity, and a series of colorimetric biosensors have been designed for testing and analysis of tumor markers.



Gao’s group had successfully integrated MoS2 nanosheets (MoS2 NSs) with peroxidase-like activity. Further, DNA modification was implemented to dramatically enhance the enzyme-like activity of the MoS2 NSs. Notably, the modified material exhibited a catalytic activity that was 4.3 times greater than that of unmodified MoS2 nanosheets. Based on the enhancement of DNA on the activity of MoS2 NS enzymes, a colorimetric sensing platform for the rapid and sensitive detection of CEA has been established [48]. The response results appeared linear across the range of CEA concentrations up to 1000 ng/mL, and the lower limit of detection can go down to 50 ng/mL. When there are interfering substances, such as AFP, mucin-1 (muc-1), and BSA, in the detection system, good specificity can be maintained. This work has represented a significant advancement in exploring the potential use of DNA as a modifier to enhance the enzyme catalysis of MNPs, and the findings have promising implications for the development of portable and visible tumor marker detectors.



Zheng et al., utilized the reduction and stabilization effects of NADH to synthesize ultrasmall Au–Pd nanoclusters [49]. The strong interaction between Au–Pd enhances the electron transfer of Au and Pd in bimetal nanoclusters, Au–Pd nanoclusters has better enzyme-like activity than monometal nanoclusters, and the reaction rate is more than 20 times that of monometal elements. Based on the acidic conditions required for the peroxidase-like activity of Au–Pd nanoclusters, a colorimetric method for the quantitative monitoring of acidic phosphatase (ACP) has been established, with a detection concentration range of 1–14 U/L, and the lower limit of detection is down to 0.53 U/L, and experiments have verified that this bimetallic catalytic enzyme has excellent sensitivity, selectivity, and recycling ability. This NADH-based nanoenzyme has shown promising universality and applicability in biological sensing, clinical diagnosis, etc.



In general, colorimetric analysis that relies on peroxidase enzymes typically involves the addition of H2O2, which often leads to toxic effects on cells. However, the use of MNPs as simulated enzymes eliminates the requirement for H2O2, greatly improving the accuracy of the test. Ge et al., developed a human serum albumin (HAS) template based on MnO2 nanosheet, which functions as an oxide analog enzyme for the colorimetric detection of the typical tumor marker GSH (Figure 5) [50]. The synthesized MnO2 nanosheet can directly catalyze the oxidation of 3,3′, 5,5′-tetramethyl biphenylamine (TMB) to produce blue ox-TMB. In the presence of GSH, the MnO2 nanosheets are reduced to Mn2+ due to the reaction with GSH, inhibiting the oxidation of TMB. As a result, the quantification of GSH is accomplished by detecting changes in absorbance that correspond with varying concentrations, thereby facilitating cancer diagnosis. Additionally, metal composite materials also exhibit good oxide analog enzyme activity. Guo et al., reported a new type of nanocomposite, namely, Cu2+-modified hexagonal boron nitride nanosheets loaded with gold nanoparticles (Au NPs/Cu2+-BNNS) [51]. The nanomaterial exhibits excellent oxide analog enzyme activity, which is derived from the adsorption of reactive oxygen species, and Cu2+ can synergistically promote the oxidation process. Notably, the color rendering of TMB induced by AuNPs/Cu2+-BNNS takes only 4 min, making it a useful tool for the rapid detection of CEA.



The detection of tumor markers using nanoenzymes has always been a key focus of academic research. While Table 2 highlights several noteworthy detection methodologies, it is worth noting that the literature cited in the table represents merely a small subset of the extensive reports available on this subject.




3.3. Methods-Based Photocatalytic Properties for Tumor Marker Detection


Aside from the aforementioned chemocatalytic and electrocatalytic activities, nanomaterials that exhibit photocatalytic properties can generate photoinduced holes under illumination, which can subsequently oxidize TMB, resulting in the production of a blue solution. Ding et al., developed the GO-C3N4-AgBr ternary heterojunction nano-photocatalyst, which facilitates the separation of photogenic electron–hole pairs under sunlight. The separated holes can sensitively catalyze colorless TMB to generate blue ox-TMB [64]. Next, PSA in the detection solution is collected based on the specific binding of antigen and antibody. Finally, TMB is added to the ABS buffer of the immune complex. Under visible light irradiation, a rapid color change is observed within 10 s, and the PSA level is quantitatively identified based on the color change. The results indicate that the limit of detection of PSA can be reduced to 20 pg/mL, and the sensitivity is adequate to monitor the amount of PSA in the serum in healthy individuals (which is around 4 ng/mL).



Zhang et al., utilized ZnO/AgI as a nanophotocatalyst for the in vitro detection of the tumor marker CEA (Figure 6) [65]. Under light irradiation, the ZnO/AgI nanomaterial undergoes electron transition to oxidize TMB. This nanomaterial is unique in that it possesses a suitable bandgap between ZnO and AgI, which facilitates electron–hole separation and enhances the efficiency of oxidation. The detection limit of ZnO/AgI for CEA can reach 65 pg/mL, and it maintains a good linear relationship within the concentration range of 0.1–7.0 ng/mL.



Employing the catalytic characteristics of MNPs for tumor marker detection represents an enhanced approach relative to conventional in vitro detection methods. This method relies on the catalytic impact of MNPs on biomarkers under specific conditions, thereby enabling the identification and diagnosis of cancer biomarkers. Constructing tumor marker sensors using the catalytic properties of MNPs is a widely researched and theoretically deep method. On the one hand, this category of methods is based on traditional detection methods, and on the other hand, the high catalytic performance can significantly convert and amplify biological signals, making MNPs suitable for detecting tumor markers. Building tumor marker sensors using electrocatalysis or chemical catalysis has shown good detection ranges and lower limits in single laboratory tests. However, it is important to note that the microenvironment in biological fluids is complex and flexible, and the stability, sensitivity, and specificity of sensors constructed based on the catalytic properties of MNPs to maintain excellent detection performance in the presence of various interfering substances are uncertain, which limits their ability to be transformed into practical applications. Building sensors using photocatalysis is a novel application direction for MNPs, but there is relatively little research on this topic. Although photocatalysis can quickly and accurately detect specific biomarkers, the essence is still based on colorimetric analysis. Although it is simple to operate, the reuse of the sensor remains insufficient. Overall, whether using electrocatalysis, chemical catalysis, or photocatalysis, they all exhibit advantages, such as high sensitivity, strong specificity, and fast reaction speed in the detection of tumor markers. However, their limitations include high cost, limited application range, and the impact of complex biological microenvironments on catalytic efficiency, which should not be ignored.





4. The Optical Properties of MNPs for Detecting Tumor Markers


4.1. Construction of MNPs’ Fluorescence Biosensor


Fluorescence-based sensors have high sensitivity and selectivity, which allows them a strong precedence in detecting tumor biomarkers. Due to their exceptional electronic structure and diminutive size, some MNPs commonly demonstrate high fluorescence quantum yields and molar extinction coefficients, along with notable photostability, making them frequently used for constructing fluorescence sensors. Quantum dots are one of the earliest nanomaterials applied in the field of bioscience. Compared with traditional organic dyes, they have higher quantum yields, better photostability, and longer luminescence lifetimes, but their toxicity and broad absorption band severely limit their use in biomedicine. In 2012, Luo et al., first discovered that the interaction between thiol salts and Au elements significantly amplified the intensity of luminescence in the materials. Subsequent studies revealed that the luminescence mechanism is achieved through ligand–metal charge transfer or ligand–metal–metal charge transfer, followed by radiation relaxation through a metal-centered triplet state, resulting in luminescence [66,67,68].



Huang et al., designed satellite structures of Au nanorods (Au NRs) and Ag2S quantum dots (Ag2S QDs) that are precisely regulated by DNA. The optimal metal-enhanced fluorescence effect is achieved when the distance between the two is approximately 8 nm [69]. In light of this, the structure is used for the accurate detection of the prostate cancer marker urine prostate cancer antigen 3 (PCA3), exhibiting high sensitivity and selectivity. The linear correlation between the variables is well suited within an interval of 5–500 pM, and the limit of detection for PCA3 is 1.42 pM. Importantly, the designed metal-enhanced near-infrared fluorescent satellite structure probe has been successfully used to detect PCA3 in human serum samples and prostate cancer cell lysates, demonstrating promising potential in the field of clinical cancer diagnosis.



CTCs are a significant cause of postoperative recurrence and distant metastasis in patients, as well as a critical factor leading to their mortality [70]. Many fluorescent nanomaterials emitting visible light have been applied to the subsequent detection of CTCs. Chen et al., proposed a sensitive, simple, and low-cost CTC detection strategy based on the selective recognition of Ag+ and C-Ag+-C by CdTe quantum dots, using muc-1 as the CTC marker and aptamers as the recognition probes [71]. The detection limit for muc-1 and A549 cells was 0.15 fg/mL and 3 cell/mL, respectively, and muc-1 at a mass concentration of 1 fg/mL and A549 cells at a concentration of 100 cell/mL could be visually distinguished. Yu et al., connected graphite carbon nitride quantum dots and gold nanocluster complexes with anti-EpCAM antibodies to obtain a CTC-specific ratio fluorescent immunoprobe, which can effectively capture and accurately quantify CTCs [72].



With improvements to MNP materials, they can currently be applied to detect tumor markers, such as ctDNA, exosomes, AFP, and PSA. Table 3 lists some MNP fluorescent detection methods used for tumor detection.




4.2. Build a Surface-Enhanced Raman Sensor


Surface-enhanced Raman scattering (SERS) is a fingerprinting technology that can reflect the vibrational characteristics of substances at the molecular level [87]. Compared with single-molecule detection methods, such as fluorescence spectroscopy, Raman spectroscopy-based methods have higher specificity. Distinct Raman spectra are exhibited by various tissues, cells, and bodily fluids within the human body. During the process of carcinogenesis, the configuration, conformation, and composition ratio of various biomolecules change, which may not cause clinical symptoms, but their Raman spectra will change. Therefore, SERS, with its high specificity, sensitivity, speed, and trace analysis capabilities, has gained increasing attention in the field of cancer diagnosis (Table 4).



MNPs are typically utilized as active substrates to enhance SERS signals, and the material type, shape, and size of the MNPs, as well as the adsorption amount and distance of probes on the active substrate, can impact the enhancement effect of SERS. The most commonly used MNPs are Au, Ag, and Cu [88,89]. Other transition metals or noble metals, such as Ni, Pt, and Pd, can also produce enhancement effects [90], but the effect is relatively low. Oxide semiconductors, such as TiO2 and ZnO, also exhibit a slight SERS enhancement effect [91]. For instance, Raymond et al., fabricated core–shell nanoparticles consisting of magnetic iron oxide and gold, and subsequently generated SERS nanotags in four distinct colors. They combined these with immunomagnetic separation to create a microfluidic device for capturing tumor cells bound to nanoparticles. They also quantitatively detected four surface protein markers of single tumor cells in whole blood. The sensor provides a straightforward and efficient platform for enhancing the accuracy of cancer metastasis observation and monitoring [92].



Dong et al., developed a SERS-based nanoprobe with a gold-modified TiO2 large-pore inverse opal structure that exhibits a significant “slow light effect” and can be utilized for capturing and optically analyzing exosomes in plasma or other biological fluids (Figure 7) [93]. The probe demonstrated precise detection results for exosome detection in cancers, such as prostate, liver, and colon cancer, through the measurement of exosomes from cancer and normal cells in vitro.
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Table 4. MNPs detection method based on SERS technology.
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	Materials
	Tumor Marker
	Linearity Range
	Limit of Detection
	Ref.





	Small gold nanorods (Au NRs)
	Exosomes of breast cancer cells
	106~108 particles/mL
	2 × 106 particles/mL
	[94]



	Gold nanostar@4-mercaptobenzoic acid@nanoshell structures

(AuNS@4-MBA@Au)
	Exosomes of liver cancer patients
	40~4.0 × 107 particles/μL
	27 particles/μL
	[95]



	Magnetic bead MB@SiO2@Au@aptamer
	Exosomes of breast, colorectal, and prostate cancer
	-
	32, 73, and 203 particles/μL
	[96]



	Fe3O4@TiO2 nanoparticles
	PD-L1 exosome
	5 × 103~2 × 105 particles/mL
	1 particles/μL
	[97]



	Fe3O4@Ag-DNA-Au@Ag@DTNB
	miRNA
	3 aM~100 pM
	1.8 aM
	[98]



	Plasmonic head-flocked gold nanopillars@LNA detection probe
	miRNA
	1 aM~100 nM
	1 aM
	[99]



	Functionalized gold nanoparticles (Au NPs)
	muc-4
	10 ng/mL~100 μg/mL
	33 ng/mL
	[100]



	Silver/chitosan nanoparticles

(Ag@CS NPs)
	Platelet-derived growth factor BB
	10 pg/mL~5.0 ng/mL
	3.2 pg/mL
	[101]



	Fe3O4 nanoring (R-Fe3O4)
	Interleukin-6
	0.1~1000 pg/mL
	0.028 pg/mL
	[102]



	4-MBA-encoded Au NPs

(AuNP-MBA)
	MCF-7
	5~500 cells/mL
	5 cells/mL
	[103]



	Triangular silver nanoprisms

(Ag NPR)
	HeLa cell
	1–100 cells/mL
	1 cell/mL
	[104]



	Poly(ethyleneimine) (PEI)-stabilized superparamagnetic iron oxide nanoparticles (SPION-PEI)
	HeLa cell
	1–25 cells/mL
	1 cell/mL
	[105]











4.3. Determination of Tumor Markers by Surface Plasmon Resonance Characteristics of MNPs


Nanoparticle aggregation can induce plasmon coupling between particles, resulting in a surface plasmon resonance (SPR) shift. Gold and silver nanoparticles (Au NPs, Ag NPs) are popular choices for colorimetric SPR detection among various nanomaterials. Cancer-related target molecules can trigger nanoparticle aggregation through covalent bonds, hydrogen bonds, hydrophobic forces, or electrostatic interactions. To improve the specificity and sensitivity of nanoparticle binding to cancer-related target molecules, nanoparticles can be surface-modified with ligands, antibodies, or other target molecules [106].



Szymańska et al., developed a surface plasmon resonance (SPR) imaging sensor for detecting CA125/MUC16 [107]. Anti-MUC16 antibodies were immobilized on a gold chip using a cysteamine linker and covalently attached with EDS/NHS. The sensor exhibited a linear response range of 2.2~150 U/mL, good recovery rate, and precision. It was successfully used to determine the markers in the serum of ovarian cancer patients.



Wang et al., developed a sensor with dual Au NP-assisted signal amplification for the highly sensitive detection of exosomes [108]. The sensor achieved double nanoparticle amplification and improved sensitivity by controlling the attachment of Au NPs through electronic coupling between the gold and Au NPs, as well as the coupling effect in the plasmonic nanostructure. The detection limit was lowered to 5 × 103 particles/mL. Nonspecific adsorption of Au NPs on the SPR chip surface was also suppressed by coating the gold film surface with 11-mercapto-1-undecanol (MCU), enabling the regeneration of the SPR sensor.



Liu et al., developed a local surface plasmon resonance (LSPR) sensor chip for the detection of exosomal biomarkers in small quantities (Figure 8) [109]. Self-assembled silver nanoparticles on a Ag@Au NIs sensor chip were utilized for the specific bio-binding of biotinylated antibodies, enabling the detection of exosomal surface biomarkers. The Ag@Au NIs LSPR biosensor with biotinylated antibody functionalization (BAF) sensitively detected CD63 (an exosomal biomarker) and monocarboxylate transporter 4 (MCT4) in malignant glioblastoma-derived exosomes, with a range of 4 × 10−4~50 μg/mL and a limit of detection of 0.4 ng/mL.



The use of MNPs’ optical properties for detecting cancer biomarkers is an emerging detection technology based on the principles of nanomaterial SERS and SPR. In specific tumor marker detection methods, the intensity and frequency of optical signals are observed to detect and diagnose cancer biomarkers with high sensitivity, improving the accuracy and reliability of early cancer detection. Additionally, MNPs’ surfaces can be recognized by specific biomolecules, enabling the selective detection of specific cancer biomarkers and reducing misdiagnosis rates. Compared with traditional cancer diagnosis techniques, the MNP-based optical detection of cancer biomarkers is relatively simple, requiring only simple chemical experiments and optical measurements. MNP preparation and biofunctionalization technologies are relatively mature, resulting in detection results with good repeatability and stability. However, its drawbacks are also apparent, as MNP preparation and functionalization are costly and time-consuming, leading to higher economic burden. The application of MNPs is limited by specific surface modification and functionalization, resulting in limitations in detecting certain types of tumor markers. MNP detection results require multiple experiments for verification to ensure accuracy and reliability. Overall, the use of MNPs’ optical properties for detecting cancer biomarkers has many advantages, but the application scope and reliability need further validation and exploration.





5. Conclusions and Prospect


Early and precise cancer diagnosis is a crucial factor in prolonging the survival rate of cancer patients and mitigating their suffering. Conventional methods for tumor biomarker detection are associated with limitations that include restricted sensitivity, potentially resulting in missed detection of early-stage cancer biomarkers, leading to incorrect diagnosis or delayed treatment. Furthermore, the low specificity of these methods means that certain tumor biomarkers may also appear in other diseases or healthy individuals, making it challenging to determine abnormal expression as a tumor biomarker. These methods also require a multitude of steps and complex operations, which increases the time and technical requirements and elevates the likelihood of misjudgment. Finally, the results may be impacted by various factors, such as disease, external interference, and physiological state, leading to ambiguous or unreliable outcomes. The development of nanotechnology has facilitated the extensive utilization of MNPs in diverse domains, encompassing biosensing and oncological interventions. This review focuses on the rapid development of MNP-based in vitro biosensors for cancer diagnosis in recent years and compares some promising technologies (Table 5).



MNPs are a new generation of biomaterials with broad application prospects and a profound impact compared with traditional early cancer diagnosis techniques. In the field of tumor biomarker detection, MNP-based biosensors demonstrate high sensitivity, rapid detection, good specificity, and ease of operation. However, the MNP-based nanomedicine field needs to address challenges and solve problems to achieve large-scale clinical applications. Primarily, although electrochemical sensors, chemical catalytic sensors, fluorescence sensors, and other sensor technologies based on MNPs demonstrate expansive detection capabilities and low detection thresholds for certain prototypical tumor biomarkers, it is imperative to acknowledge that the microenvironment of the biomarkers targeted by these sensors is relatively pristine and markedly distinct from that of physiological fluids. Therefore, the use of these sensors for early cancer diagnosis in actual cancer patients still has a long way to go, which is an important consideration for future researchers. Secondarily, the attainment of high specificity and sensitivity in detecting cancer-related tissues and organs through single biomarkers proves to be a complex task, thereby necessitating expeditious research into the physiological mechanisms of biomarkers, the exploration of novel biomarkers, and the integration of multiple biomarkers for clinical detection purposes. In the forthcoming times, scholars must prioritize enhancing the precision and sensitivity of biomarker detection, while concurrently monitoring market and application requirements, and devising compact, versatile, cost-effective, and expeditious platforms for biomarker detection. Thirdly, the current research on the intracellular and extracellular functional mechanisms of MNP sensors is severely insufficient. Hence, it is necessary to study the reaction mechanism of MNPs based on factors such as their chemical composition, size, shape, and synthesis method and apply the obtained rules to designing new biosensors, fully unlocking the potential of MNPs.



As a new generation of biomaterials, MNPs offer significant advantages over traditional tumor diagnosis technologies, such as high sensitivity, fast detection, good specificity, and simplicity. Nevertheless, challenges remain in achieving widespread clinical application. First, while MNP-based sensors provide a broad detection range and low limits for tumor markers, the microenvironment of detected markers differs from real-life body fluids, limiting early cancer diagnosis. Second, single biomarker detection is not sufficient, necessitating research on the physiological mechanism of markers, development of new markers, and multimarker clinical testing. In the future, biosensors will need to improve sensitivity and accuracy, address market needs, and develop a miniaturized, multifunctional, economical, and portable platform. Lastly, research on the functional mechanisms of MNP sensors is lacking, requiring the investigation of reaction mechanisms and the development of novel biosensors that maximize MNPs’ potential.



Currently, there are several drawbacks that hinder the further large-scale development of MNPs in the field of tumor biomarker detection, including high cost, limited selectivity, and poor biocompatibility. To address these issues, this paper suggests several improvements. First, enhancing the synthetic process of nanomaterials to streamline the procedure, amplifying the preparation efficacy, implementing integrated methodologies, exploring MNPs’ reuse and recovery, curtailing waste and environmental contamination, and diminishing production expenses. Second, researching new types of MNPs with improved selectivity for tumor biomarkers, reduced cross interference, increased biocompatibility, and safety. In this regard, it is possible to expand the application potential of inexpensive metals, such as iron, copper, and zinc, which are stable, safe, and nontoxic and easily undergo biological modification. Lastly, amalgamating MNP biosensors with other detection modalities, such as optical, electrochemical, and magnetic resonance techniques, can expedite the miniaturization and user-friendliness of MNP sensors, and heighten the precision and selectivity of tumor biomarker detection via the integration of diverse methodologies.







Author Contributions


Conceptualization, N.L.; original draft preparation, X.Y.; editing, S.Z.; visualization, S.Z.; supervision, N.L.; funding acquisition, X.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Zhejiang Provincial Natural Science Foundation of China (LY23H060009).




Institutional Review Board Statement


This study did not require ethical approval.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cao, M.; Chen, W. Epidemiology of lung cancer in China. Thorac. Cancer 2019, 10, 3–7. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.-H.; Shen, L.; Li, J.; Zhou, Z.-W.; Liang, H.; Zhang, X.-T.; Tang, L.; Xin, Y.; Jin, J.; Zhang, Y.-J.; et al. The Chinese Society of Clinical Oncology (CSCO): Clinical guidelines for the diagnosis and treatment of gastric cancer. Cancer Commun. 2019, 39, 10. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.-H.; Zhang, X.-T.; Li, Y.-F.; Tang, L.; Qu, X.-J.; Ying, J.-E.; Zhang, J.; Sun, L.-Y.; Lin, R.-B.; Qiu, H.; et al. The Chinese Society of Clinical Oncology (CSCO): Clinical guidelines for the diagnosis and treatment of gastric cancer, 2021. Cancer Commun. 2021, 41, 747–795. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Y.; Cuo, Z.; Zhu, P.; Chen, J.; Huang, Y. Traditional Chinese medicine as a cancer treatment: Modern perspectives of ancient but advanced science. Cancer Med. 2019, 8, 1958–1975. [Google Scholar] [CrossRef]

	



Gezici, S.; Sekeroglu, N. Current Perspectives in the Application of Medicinal Plants Against Cancer: Novel Therapeutic Agents. Anti Cancer Agents Med. Chem. 2019, 19, 101–111. [Google Scholar] [CrossRef]

	



Mitra, T.; Bhattacharya, R. Phytochemicals modulate cancer aggressiveness: A review depicting the anticancer efficacy of dietary polyphenols and their combinations. J. Cell. Physiol. 2020, 235, 7696–7708. [Google Scholar] [CrossRef]

	



Wu, M.; Meng, Q.; Chen, Y.; Zhang, L.; Li, M.; Cai, X.; Li, Y.; Yu, P.; Zhang, L.; Shi, J. Large Pore-Sized Hollow Mesoporous Organosilica for Redox-Responsive Gene Delivery and Synergistic Cancer Chemotherapy. Adv. Mater. 2016, 28, 1963–1969. [Google Scholar] [CrossRef]

	



Jia, L.; Shen, J.; Li, Z.; Zhang, D.; Zhang, Q.; Liu, G.; Zheng, D.; Tian, X. In vitro and in vivo evaluation of paclitaxel-loaded mesoporous silica nanoparticles with three pore sizes. Int. J. Pharm. 2013, 445, 12–19. [Google Scholar] [CrossRef]

	



Vallet-Regi, M.; Colilla, M.; Izquierdo-Barba, I.; Manzano, M. Mesoporous Silica Nanoparticles for Drug Delivery: Current Insights. Molecules 2018, 23, 47. [Google Scholar] [CrossRef]

	



Song, Y.; Li, D.; Lu, Y.; Jiang, K.; Yang, Y.; Xu, Y.; Dong, L.; Yan, X.; Ling, D.; Yang, X.; et al. Ferrimagnetic mPEG-b-PHEP copolymer micelles loaded with iron oxide nanocubes and emodin for enhanced magnetic hyperthermia-chemotherapy. Natl. Sci. Rev. 2020, 7, 723–736. [Google Scholar] [CrossRef]

	



Cheng, K.; Peng, S.; Xu, C.; Sun, S. Porous Hollow Fe3O4 Nanoparticles for Targeted Delivery and Controlled Release of Cisplatin. J. Am. Chem. Soc. 2009, 131, 10637–10644. [Google Scholar] [CrossRef]

	



Pons, T.; Bouccara, S.; Loriette, V.; Lequeux, N.; Pezet, S.; Fragola, A. In Vivo Imaging of Single Tumor Cells in Fast-Flowing Bloodstream Using Near-Infrared Quantum Dots and Time-Gated Imaging. ACS Nano 2019, 13, 3125–3131. [Google Scholar] [CrossRef]

	



Qi, G.-B.; Gao, Y.-J.; Wang, L.; Wang, H. Self-Assembled Peptide-Based Nanomaterials for Biomedical Imaging and Therapy. Adv. Mater. 2018, 30, e1703444. [Google Scholar] [CrossRef]

	



Shen, K.; Huang, Y.; Li, Q.; Chen, M.; Wu, L. Self-Assembled Polysaccharide-Diphenylalanine/Au Nanospheres for Photothermal Therapy and Photoacoustic Imaging. ACS Omega 2019, 4, 18118–18125. [Google Scholar] [CrossRef]

	



Yokoi, A.; Matsuzaki, J.; Yamamoto, Y.; Yoneoka, Y.; Takahashi, K.; Shimizu, H.; Uehara, T.; Ishikawa, M.; Ikeda, S.-I.; Sonoda, T.; et al. Integrated extracellular microRNA profiling for ovarian cancer screening. Nat. Commun. 2018, 9, 4319. [Google Scholar] [CrossRef]

	



Yang, H.; Liao, C.; Zhang, Z.; Zhan, P.; Chen, Y.-R. Wheel drive-based DNA sensing system for highly specific and rapid one-step detection of MiRNAs at the attomolar level. Talanta 2023, 257, 124371. [Google Scholar] [CrossRef]

	



Yu, Z.; Lu, C.; Lai, Y. A serum miRNAs signature for early diagnosis of bladder cancer. Ann. Med. 2023, 55, 736–745. [Google Scholar] [CrossRef]

	



Fischer, S.; Rothermundt, C.; Stalder, O.; Terbuch, A.; Hermanns, T.; Zihler, D.; Muller, B.; Fankhauser, C.D.; Hirschi-Blickenstorfer, A.; Seifert, B.; et al. The Value of Tumour Markers in the Detection of Relapse-Lessons Learned from the Swiss Austrian German Testicular Cancer Cohort Study. Eur. Urol. Open Sci. 2023, 50, 57–60. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.; Zhang, P.; Wu, R.; Lu, K.; Zhou, H. Identifying the Best Marker Combination in CEA, CA125, CY211, NSE, and SCC for Lung Cancer Screening by Combining ROC Curve and Logistic Regression Analyses: Is It Feasible? Dis. Markers 2018, 2018, 2082840. [Google Scholar] [CrossRef]

	



Li, M.; Yao, B.; Jing, C.; Chen, H.; Zhang, Y.; Zhou, N. Engineering a G-quadruplex-based logic gate platform for sensitive assay of dual biomarkers of ovarian cancer. Anal. Chim. Acta 2022, 1198, 339559. [Google Scholar] [CrossRef]

	



Tian, H.; Zhang, M.; Jin, G.; Jiang, Y.; Luan, Y. Cu-MOF chemodynamic nanoplatform via modulating glutathione and H2O2 in tumor microenvironment for amplified cancer therapy. J. Colloid Interface Sci. 2021, 587, 358–366. [Google Scholar] [CrossRef]

	



Hussain, M.; Nisar, A.; Qian, L.; Karim, S.; Khan, M.; Liu, Y.; Sun, H.; Ahmad, M. Ni and Co synergy in bimetallic nanowires for the electrochemical detection of hydrogen peroxide. Nanotechnology 2021, 32, 205501. [Google Scholar] [CrossRef] [PubMed]

	



Xie, J.; Cheng, D.; Li, P.; Xu, Z.; Zhu, X.; Zhang, Y.; Li, H.; Liu, X.; Liu, M.; Yao, S. Au/Metal-Organic Framework Nanocapsules for Electrochemical Determination of Glutathione. ACS Appl. Nano Mater. 2021, 4, 4853–4862. [Google Scholar] [CrossRef]

	



Sharma, S.; Zhuang, R.; Long, M.; Pavlovic, M.; Kang, Y.; Ilyas, A.; Asghar, W. Circulating tumor cell isolation, culture, and downstream molecular analysis. Biotechnol. Adv. 2018, 36, 1063–1078. [Google Scholar] [CrossRef] [PubMed]

	



Cho, S.; Yang, H.C.; Rhee, W.J. Simultaneous multiplexed detection of exosomal microRNAs and surface proteins for prostate cancer diagnosis. Biosens. Bioelectron. 2019, 146, 111749. [Google Scholar] [CrossRef]

	



Zhai, Q.; Cheng, W. Soft and stretchable electrochemical biosensors. Mater. Today Nano 2019, 7, 100041. [Google Scholar] [CrossRef]

	



Prakash, S.; Chakrabarty, T.; Singh, A.K.; Shahi, V.K. Polymer thin films embedded with metal nanoparticles for electrochemical biosensors applications. Biosens. Bioelectron. 2013, 41, 43–53. [Google Scholar] [CrossRef]

	



Savk, A.; Aydin, H.; Cellat, K.; Sen, F. A novel high performance non-enzymatic electrochemical glucose biosensor based on activated carbon-supported Pt-Ni nanocomposite. J. Mol. Liq. 2020, 300, 112355. [Google Scholar] [CrossRef]

	



Zabihollahpoor, A.; Rahimnejad, M.; Najafpour, G.; Moghadanmia, A.A. Gold nanoparticle prepared by electrochemical deposition for electrochemical determination of gabapentin as an antiepileptic drug. J. Electroanal. Chem. 2019, 835, 281–286. [Google Scholar] [CrossRef]

	



Zhou, L.; Zhou, J.; Feng, Z.; Wang, F.; Xie, S.; Bu, S. Immunoassay for tumor markers in human serum based on Si nanoparticles and SiC@Ag SERS-active substrate. Analyst 2016, 141, 2534–2541. [Google Scholar] [CrossRef]

	



Jia, Y.; Li, Y.; Zhang, S.; Wang, P.; Liu, Q.; Dong, Y. Mulberry-like Au@PtPd porous nanorods composites as signal amplifiers for sensitive detection of CEA. Biosens. Bioelectron. 2020, 149, 111842. [Google Scholar] [CrossRef] [PubMed]

	



Song, D.; Zheng, J.; Myung, N.V.; Xu, J.; Zhang, M. Sandwich-type electrochemical immunosensor for CEA detection using magnetic hollow Ni/C@SiO2 nanomatrix and boronic acid functionalized CPS@PANI@Au probe. Talanta 2021, 225, 122006. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.; Zhang, J.; Li, B.; Liu, J.; Xu, J.J.; Chen, H.Y. Dual-Mode SERS and Electrochemical Detection of miRNA Based on Popcorn-like Gold Nanofilms and Toehold-Mediated Strand Displacement Amplification Reaction. Anal. Chem. 2021, 93, 6120–6127. [Google Scholar] [CrossRef]

	



Wang, Y.-H.; Huang, K.-J.; Wu, X.; Ma, Y.-Y.; Song, D.-L.; Du, C.-Y.; Chang, S.-H. Ultrasensitive supersandwich-type biosensor for enzyme-free amplified microRNA detection based on N-doped graphene/Au nanoparticles and hemin/G-quadruplexes. J. Mater. Chem. B 2018, 6, 2134–2142. [Google Scholar] [CrossRef]

	



Li, Y.; Yu, C.; Yang, B.; Liu, Z.; Xia, P.; Wang, Q. Target-catalyzed hairpin assembly and metal-organic frameworks mediated nonenzymatic co-reaction for multiple signal amplification detection of miR-122 in human serum. Biosens. Bioelectron. 2018, 102, 307–315. [Google Scholar] [CrossRef]

	



Li, Y.; Tian, R.; Zheng, X.; Huang, R. Amplified electrochemical detection of nucleic acid hybridization via selective preconcentration of unmodified gold nanoparticles. Anal. Chim. Acta 2016, 934, 59–65. [Google Scholar] [CrossRef]

	



Lu, Z.; Tang, H.; Wu, D.; Xia, Y.; Wu, M.; Yi, X.; Li, H.; Wang, J. Amplified voltammetric detection of miRNA from serum samples of glioma patients via combination of conducting magnetic microbeads and ferrocene-capped gold nanoparticle/streptavidin conjugates. Biosens. Bioelectron 2016, 86, 502–507. [Google Scholar] [CrossRef]

	



Zhao, X.; Wang, W.; Liu, L.; Hu, Y.; Xu, Z.; Liu, L.; Wu, N.; Li, N. Microstructure evolution of sandwich graphite oxide/interlayer-embedded Au nanoparticles induced from gamma-rays for carcinoembryonic antigen biosensor. Nanotechnology 2019, 30, 495501. [Google Scholar] [CrossRef]

	



Guo, C.; Su, F.; Song, Y.; Hu, B.; Wang, M.; He, L.; Peng, D.; Zhang, Z. Aptamer-Templated Silver Nanoclusters Embedded in Zirconium Metal-Organic Framework for Bifunctional Electrochemical and SPR Aptasensors toward Carcinoembryonic Antigen. ACS Appl. Mater. Interfaces 2017, 9, 41188–41199. [Google Scholar] [CrossRef]

	



Chen, P.; Hua, X.; Liu, J.; Liu, H.; Xia, F.; Tian, D.; Zhou, C. A dual amplification electrochemical immunosensor based on HRP-Au@Ag NPs for carcinoembryonic antigen detection. Anal. Biochem. 2019, 574, 23–30. [Google Scholar] [CrossRef]

	



Wang, X.; Chu, C.; Shen, L.; Deng, W.; Yan, M.; Ge, S.; Yu, J.; Song, X. An ultrasensitive electrochemical immunosensor based on the catalytical activity of MoS2-Au composite using Ag nanospheres as labels. Sens. Actuators B Chem. 2015, 206, 30–36. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhao, G.; Zhang, Y.; Pang, X.; Cao, W.; Du, B.; Wei, Q. Sandwich-type electrochemical immunosensor for CEA detection based on Ag/MoS2@Fe3O4 and an analogous ELISA method with total internal reflection microscopy. Sens. Actuators B Chem. 2018, 266, 561–569. [Google Scholar] [CrossRef]

	



Wang, Z.; Liu, N.; Ma, Z. Platinum porous nanoparticles hybrid with metal ions as probes for simultaneous detection of multiplex cancer biomarkers. Biosens. Bioelectron. 2014, 53, 324–329. [Google Scholar] [CrossRef] [PubMed]

	



Xu, T.; Liu, N.; Yuan, J.; Ma, Z. Triple tumor markers assay based on carbon-gold nanocomposite. Biosens. Bioelectron. 2015, 70, 161–166. [Google Scholar] [CrossRef]

	



Liu, S.; Liu, J.; Han, X.; Cui, Y.; Wang, W. Electrochemical DNA biosensor fabrication with hollow gold nanospheres modified electrode and its enhancement in DNA immobilization and hybridization. Biosens. Bioelectron. 2010, 25, 1640–1645. [Google Scholar] [CrossRef]

	



Li, Q.; Tang, D.; Tang, J.; Su, B.; Chen, G.; Wei, M. Magneto-controlled electrochemical immunosensor for direct detection of squamous cell carcinoma antigen by using serum as supporting electrolyte. Biosens. Bioelectron. 2011, 27, 153–159. [Google Scholar] [CrossRef]

	



Lin, Z.; Zhang, X.; Liu, S.; Zheng, L.; Bu, Y.; Deng, H.; Chen, R.; Peng, H.; Lin, X.; Chen, W. Colorimetric acid phosphatase sensor based on MoO3 nanozyme. Anal. Chim. Acta 2020, 1105, 162–168. [Google Scholar] [CrossRef]

	



Zhao, L.; Wang, J.; Su, D.; Zhang, Y.; Lu, H.; Yan, X.; Bai, J.; Gao, Y.; Lu, G. The DNA controllable peroxidase mimetic activity of MoS2 nanosheets for constructing a robust colorimetric biosensor. Nanoscale 2020, 12, 19420–19428. [Google Scholar] [CrossRef]

	



Zheng, S.; Gu, H.; Yin, D.; Zhang, J.; Li, W.; Fu, Y. Biogenic synthesis of AuPd nanocluster as a peroxidase mimic and its application for colorimetric assay of acid phosphatase. Colloids Surf. A Physicochem. Eng. Asp. 2020, 589, 124444. [Google Scholar] [CrossRef]

	



Ge, J.; Cai, R.; Chen, X.; Wu, Q.; Zhang, L.; Jiang, Y.; Cui, C.; Wan, S.; Tan, W. Facile approach to prepare HSA-templated MnO2 nanosheets as oxidase mimic for colorimetric detection of glutathione. Talanta 2019, 195, 40–45. [Google Scholar] [CrossRef]

	



Zhan, Y.; Zeng, Y.; Li, L.; Guo, L.; Luo, F.; Qiu, B.; Huang, Y.; Lin, Z. Cu2+-Modified Boron Nitride Nanosheets-Supported Subnanometer Gold Nanoparticles: An Oxidase-Mimicking Nanoenzyme with Unexpected Oxidation Properties. Anal. Chem. 2019, 92, 1236–1244. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Yuan, A.; Mao, X.; Chen, Q.; Huang, Y. Engineered Mn/Co oxides nanocomposites by cobalt doping of Mn-BTC—New oxidase mimetic for colorimetric sensing of acid phosphatase. Sens. Actuators B Chem. 2019, 299, 126928. [Google Scholar] [CrossRef]

	



Jin, L.; Sun, Y.; Shi, L.; Li, C.; Shen, Y. PdPt bimetallic nanowires with efficient oxidase mimic activity for the colorimetric detection of acid phosphatase in acidic media. J. Mater. Chem. B 2019, 7, 4561–4567. [Google Scholar] [CrossRef]

	



He, S.-B.; Yang, L.; Yang, Y.; Noreldeen, H.A.A.; Wu, G.-W.; Peng, H.-P.; Deng, H.-H.; Chen, W. Carboxylated chitosan enabled platinum nanozyme with improved stability and ascorbate oxidase-like activity for a fluorometric acid phosphatase sensor. Carbohydr. Polym. 2022, 298, 120120. [Google Scholar] [CrossRef]

	



Wang, J.; Lu, Q.; Weng, C.; Li, X.; Yan, X.; Yang, W.; Li, B.; Zhou, X. Label-Free Colorimetric Detection of Acid Phosphatase and Screening of Its Inhibitors Based on Biomimetic Oxidase Activity of MnO2 Nanosheets. ACS Biomater. Sci. Eng. 2020, 6, 3132–3138. [Google Scholar] [CrossRef]

	



Hong, L.; Liu, A.-L.; Li, G.-W.; Chen, W.; Lin, X.-H. Chemiluminescent cholesterol sensor based on peroxidase-like activity of cupric oxide nanoparticles. Biosens. Bioelectron. 2013, 43, 1–5. [Google Scholar] [CrossRef]

	



Jin, L.; Meng, Z.; Zhang, Y.; Cai, S.; Zhang, Z.; Li, C.; Shang, L.; Shen, Y. Ultrasmall Pt Nanoclusters as Robust Peroxidase Mimics for Colorimetric Detection of Glucose in Human Serum. ACS Appl. Mater. Interfaces 2017, 9, 10027–10033. [Google Scholar] [CrossRef]

	



Yang, Z.; Cao, Y.; Li, J.; Lu, M.; Jiang, Z.; Hu, X. Smart CuS Nanoparticles as Peroxidase Mimetics for the Design of Novel Label-Free Chemiluminescent Immunoassay. ACS Appl. Mater. Interfaces 2016, 8, 12031–12038. [Google Scholar] [CrossRef]

	



Gao, Y.; Jin, C.; Li, X.; Wu, K.; Gao, L.; Lyu, X.; Zhang, X.; Zhang, X.; Luo, X.; Liu, Q. Two-dimensional porphyrin-Co9S8 nanocomposites with synergistic peroxidase-like catalysis: Synthesis and application toward colorimetric biosensing of H2O2 and glutathione. Colloids Surf. A Physicochem. Eng. Asp. 2019, 568, 248–258. [Google Scholar] [CrossRef]

	



Huang, X.; Nan, Z. Porous 2D FeS2 nanosheets as a peroxidase mimic for rapid determination of H2O2. Talanta 2020, 216, 120995. [Google Scholar] [CrossRef]

	



Li, X.; Qian, C.; Tian, Y.; Yao, N.; Duan, Y.; Huang, Z. Pt-Ru bimetallic nanoclusters with super peroxidase-like activity for ultra-sensitive lateral flow immunoassay. Chem. Eng. J. 2023, 457, 141324. [Google Scholar] [CrossRef]

	



Zhang, Y.; Meng, W.; Li, X.; Wang, D.; Shuang, S.; Dong, C. Dendritic Mesoporous Silica Nanoparticle-Tuned High-Affinity MnO2 Nanozyme for Multisignal GSH Sensing and Target Cancer Cell Detection. ACS Sustain. Chem. Eng. 2022, 10, 5911–5921. [Google Scholar] [CrossRef]

	



Chen, M.; Wu, L.; Ye, H.; Liang, N.; Zhao, L. Biocompatible BSA-AuNP@ZnCo2O4 nanosheets with oxidase-like activity: Colorimetric biosensing and antitumor activity. Microchem. J. 2022, 175, 107208. [Google Scholar] [CrossRef]

	



Ding, C.; Wang, X.; Song, K.; Zhang, B.; Wang, J.; Zhao, Z.; Chang, H.; Wei, W. Visible light enabled colorimetric tumor marker detection using ternary GO-C3N4-AgBr heterojunction nanophotocatalyst. Sens. Actuators B Chem. 2018, 268, 376–382. [Google Scholar] [CrossRef]

	



Zhang, B.; Wang, X.; Cheng, Y. Photochromic immunoassay for tumor marker detection based on ZnO/AgI nanophotocatalyst. Mikrochim. Acta 2022, 189, 77. [Google Scholar] [CrossRef]

	



Zhou, M.; Higaki, T.; Hu, G.; Sfeir, M.Y.; Chen, Y.; Jiang, D.-E.; Jin, R. Three-orders-of-magnitude variation of carrier lifetimes with crystal phase of gold nanoclusters. Science 2019, 364, 279–282. [Google Scholar] [CrossRef]

	



Luo, Z.; Yuan, X.; Yu, Y.; Zhang, Q.; Leong, D.T.; Lee, J.Y.; Xie, J. From Aggregation-Induced Emission of Au(I)-Thiolate Complexes to Ultrabright Au(0)@Au(I)-Thiolate Core-Shell Nanoclusters. J. Am. Chem. Soc. 2012, 134, 16662–16670. [Google Scholar] [CrossRef]

	



Jung, J.; Kang, S.; Han, Y.-K. Ligand effects on the stability of thiol-stabilized gold nanoclusters: Au25(SR)18−, Au38(SR)24, and Au102(SR)44. Nanoscale 2012, 4, 4206–4210. [Google Scholar] [CrossRef]

	



Jia, P.; Ding, C.; Sun, Z.; Song, L.; Zhang, D.; Yan, Z.; Zhang, Z.; Su, F.; Mostafa, A.A.; Huang, Y. DNA precisely regulated Au nanorods/Ag2S quantum dots satellite structure for ultrasensitive detection of prostate cancer biomarker. Sens. Actuators B Chem. 2021, 347, 130585. [Google Scholar] [CrossRef]

	



Tian, F.; Cai, L.; Chang, J.; Li, S.; Liu, C.; Li, T.; Sun, J. Label-free isolation of rare tumor cells from untreated whole blood by interfacial viscoelastic microfluidics. Lab A Chip 2018, 18, 3436–3445. [Google Scholar] [CrossRef]

	



Chen, P.; Wang, Y.; He, Y.; Huang, K.; Wang, X.; Zhou, R.; Liu, T.; Qu, R.; Zhou, J.; Peng, W.; et al. Homogeneous Visual and Fluorescence Detection of Circulating Tumor Cells in Clinical Samples via Selective Recognition Reaction and Enzyme-Free Amplification. ACS Nano 2021, 15, 11634–11643. [Google Scholar] [CrossRef]

	



Yu, Y.; Yang, Y.; Ding, J.; Meng, S.; Li, C.; Yin, X. Design of a Biocompatible and Ratiometric Fluorescent probe for the Capture, Detection, Release, and Reculture of Rare Number CTCs. Anal. Chem. 2018, 90, 13290–13298. [Google Scholar] [CrossRef]

	



Lian, W.; Tu, D.; Hu, P.; Song, X.; Gong, Z.; Chen, T.; Song, J.; Chen, Z.; Chen, X. Broadband excitable NIR-II luminescent nano-bioprobes based on CuInSe2 quantum dots for the detection of circulating tumor cells. Nano Today 2020, 35, 100943. [Google Scholar] [CrossRef]

	



Ding, C.; Zhang, C.; Cheng, S.; Xian, Y. Multivalent Aptamer Functionalized Ag2S Nanodots/Hybrid Cell Membrane-Coated Magnetic Nanobioprobe for the Ultrasensitive Isolation and Detection of Circulating Tumor Cells. Adv. Funct. Mater. 2020, 30, 1909781. [Google Scholar] [CrossRef]

	



Zhang, Y.; Lu, H.; Yang, F.; Cheng, Y.; Dai, W.; Meng, X.; Dong, H.; Zhang, X. Uniform palladium nanosheets for fluorimetric detection of circulating tumor DNA. Anal. Chim. Acta 2020, 1139, 164–168. [Google Scholar] [CrossRef]

	



Chen, X.; Yang, L.; Liang, S.; Dang, P.; Jin, D.; Cheng, Z.; Lin, J. Entropy-driven strand displacement reaction for ultrasensitive detection of circulating tumor DNA based on upconversion and Fe3O4 nanocrystals. Sci. China-Mater. 2021, 64, 2593–2600. [Google Scholar] [CrossRef]

	



Wang, J.; Hua, G.; Li, L.; Li, D.; Wang, F.; Wu, J.; Ye, Z.; Zhou, X.; Ye, S.; Yang, J.; et al. Upconversion nanoparticle and gold nanocage satellite assemblies for sensitive ctDNA detection in serum. Analyst 2020, 145, 5553–5562. [Google Scholar] [CrossRef]

	



Chen, H.; Luo, D.; Shang, B.; Cao, J.; Wei, J.; Chen, Q.; Chen, J. Immunoassay-type biosensor based on magnetic nanoparticle capture and the fluorescence signal formed by horseradish peroxidase catalysis for tumor-related exosome determination. Microchim. Acta 2020, 187, 282. [Google Scholar] [CrossRef]

	



Wang, Y.; Wei, Z.; Luo, X.; Wan, Q.; Qiu, R.; Wang, S. An ultrasensitive homogeneous aptasensor for carcinoembryonic antigen based on upconversion fluorescence resonance energy transfer. Talanta 2019, 195, 33–39. [Google Scholar] [CrossRef]

	



Wang, K.; Ding, Y.; Yang, W.; Wen, X.; Zhao, H.; Liu, Y.; Hong, X. Fluorescence-infrared absorption dual-mode nanoprobes based on carbon dots@SiO2 nanorods for ultrasensitive and reliable detection of carcinoembryonic antigen. Talanta 2021, 230, 122342. [Google Scholar] [CrossRef]

	



Li, G.; Zeng, J.; Liu, H.; Ding, P.; Liang, J.; Nie, X.; Zhou, Z. A fluorometric aptamer nanoprobe for alpha-fetoprotein by exploiting the FRET between 5-carboxyfluorescein and palladium nanoparticles. Microchim. Acta 2019, 186, 314. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.; Ji, F.; Zhang, T.; Wang, F.; Li, Y.; Yu, Z.; Jin, X.; Ruan, B. An fluorescent aptasensor for sensitive detection of tumor marker based on the FRET of a sandwich structured QDs-AFP-AuNPs. Talanta 2019, 197, 444–450. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, D.; Hu, Y.; Zhang, X.-J.; Yang, X.-T.; Tang, Y.-Y. Colorimetric and fluorometric dual-channel detection of alpha-fetoprotein based on the use ofZnS-CdTe hierarchical porous nanospheres. Microchim. Acta 2019, 186, 124. [Google Scholar] [CrossRef] [PubMed]

	



Hu, S.; Xu, H.; Zhou, B.; Xu, S.; Shen, B.; Dong, B.; Yin, Z.; Xu, S.; Sun, L.; Lv, J.; et al. Double Stopband Bilayer Photonic Crystal Based Upconversion Fluorescence PSA Sensor. Sens. Actuators B Chem. 2021, 326, 128816. [Google Scholar] [CrossRef]

	



Rong, Z.; Bai, Z.; Li, J.; Tang, H.; Shen, T.; Wang, Q.; Wang, C.; Xiao, R.; Wang, S. Dual-color magnetic-quantum dot nanobeads as versatile fluorescent probes in test strip for simultaneous point-of-care detection of free and complexed prostate-specific antigen. Biosens. Bioelectron. 2019, 145, 111719. [Google Scholar] [CrossRef]

	



Li, F.; Li, G.; Cao, S.; Liu, B.; Ren, X.; Kang, N.; Qiu, F. Target-triggered entropy-driven amplification system-templated silver nanoclusters for multiplexed microRNA analysis. Biosens. Bioelectron. 2021, 172, 112757. [Google Scholar] [CrossRef]

	



Plou, J.; Garcia, I.; Charconnet, M.; Astobiza, I.; Garcia-Astrain, C.; Matricardi, C.; Mihi, A.; Carracedo, A.; Liz-Marzan, L.M. Multiplex SERS Detection of Metabolic Alterations in Tumor Extracellular Media. Adv. Funct. Mater. 2020, 30, 1910335. [Google Scholar] [CrossRef]

	



Wei, W.; Yu, D.; Du, Y.; Ding, Y.; Huang, Q. One-step fabrication of Au-Ag alloys and its application for catalysts and SERS sensors. Spectrochim. Acta Part A-Mol. Biomol. Spectrosc. 2022, 267, 120476. [Google Scholar] [CrossRef]

	



Xiem Thi, V.; Long Toan, T.; Hai Van, P.; Mai Thi Tuyet, N. Tunable Plasmonic Properties of Bimetallic Au-Cu Nanorods for SERS-Based Sensing Application. J. Electron. Mater. 2022, 51, 1857–1865. [Google Scholar]

	



Korolkov, I.V.; Shumskaya, A.; Kozlovskiy, A.L.; Kaliyekperov, M.E.; Lissovskaya, L.I.; Zdorovets, M.V. Magnetic-plasmonic Ni nanotubes covered with gold for improvement of SERS analysis. J. Alloys Compd. 2022, 901, 163661. [Google Scholar] [CrossRef]

	



Cong, S.; Yuan, Y.; Chen, Z.; Hou, J.; Yang, M.; Su, Y.; Zhang, Y.; Li, L.; Li, Q.; Geng, F.; et al. Noble metal-comparable SERS enhancement from semiconducting metal oxides by making oxygen vacancies. Nat. Commun. 2015, 6, 7800. [Google Scholar] [CrossRef]

	



Wilson, R.E., Jr.; O’Connor, R.; Gallops, C.E.; Kwizera, E.A.; Noroozi, B.; Morshed, B.I.; Wang, Y.; Huang, X. Immunomagnetic Capture and Multiplexed Surface Marker Detection of Circulating Tumor Cells with Magnetic Multicolor Surface-Enhanced Raman Scattering Nanotags. ACS Appl. Mater. Interfaces 2020, 12, 47220–47232. [Google Scholar] [CrossRef]

	



Dong, S.; Wang, Y.; Liu, Z.; Zhang, W.; Yi, K.; Zhang, X.; Zhang, X.; Jiang, C.; Yang, S.; Wang, F.; et al. Beehive-Inspired Macroporous SERS Probe for Cancer Detection through Capturing and Analyzing Exosomes in Plasma. ACS Appl. Mater. Interfaces 2020, 12, 5136–5146. [Google Scholar] [CrossRef]

	



Kwizera, E.A.; O’Connor, R.; Vinduska, V.; Williams, M.; Butch, E.R.; Snyder, S.E.; Chen, X.; Huang, X. Molecular Detection and Analysis of Exosomes Using Surface-Enhanced Raman Scattering Gold Nanorods and a Miniaturized Device. Theranostics 2018, 8, 2722–2738. [Google Scholar] [CrossRef]

	



Tian, Y.-F.; Ning, C.-F.; He, F.; Yin, B.-C.; Ye, B.-C. Highly sensitive detection of exosomes by SERS using gold nanostar@ Raman reporter@ nanoshell structures modified with a bivalent cholesterollabeled DNA anchor. Analyst 2018, 143, 4915–4922. [Google Scholar] [CrossRef]

	



Wang, Z.; Zong, S.; Wang, Y.; Li, N.; Li, L.; Lu, J.; Wang, Z.; Chen, B.; Cui, Y. Screening and multiple detection of cancer exosomes using an SERS-based method. Nanoscale 2018, 10, 9053–9062. [Google Scholar] [CrossRef]

	



Pang, Y.; Shi, J.; Yang, X.; Wang, C.; Sun, Z.; Xiao, R. Personalized detection of circling exosomal PD-L1 based on Fe3O4@TiO2 isolation and SERS immunoassay. Biosens. Bioelectron. 2020, 148, 111800. [Google Scholar] [CrossRef]

	



Pang, Y.; Wang, C.; Lu, L.; Wang, C.; Sun, Z.; Xiao, R. Dual-SERS biosensor for one-step detection of microRNAs in exosome and residual plasma of blood samples for diagnosing pancreatic cancer. Biosens. Bioelectron. 2019, 130, 204–213. [Google Scholar] [CrossRef]

	



Lee, J.U.; Kim, W.H.; Lee, H.S.; Park, K.H.; Sim, S.J. Quantitative and Specific Detection of Exosomal miRNAs for Accurate Diagnosis of Breast Cancer Using a Surface-Enhanced Raman Scattering Sensor Based on Plasmonic Head-Flocked Gold Nanopillars. Small 2019, 15, 1804968. [Google Scholar] [CrossRef]

	



Wang, G.; Lipert, R.J.; Jain, M.; Kaur, S.; Chakraboty, S.; Torres, M.P.; Batra, S.K.; Brand, R.E.; Porter, M.D. Detection of the Potential Pancreatic Cancer Marker MUC4 in Serum Using Surface-Enhanced Raman Scattering. Anal. Chem. 2011, 83, 2554–2561. [Google Scholar] [CrossRef]

	



He, J.; Li, G.; Hu, Y. Aptamer Recognition Induced Target-Bridged Strategy for Proteins Detection Based on Magnetic Chitosan and Silver/Chitosan Nanoparticles Using Surface-Enhanced Raman Spectroscopy. Anal. Chem. 2015, 87, 11039–11047. [Google Scholar] [CrossRef] [PubMed]

	



Xie, T.; Xu, D.; Shang, Y.; Li, Y.; Gu, Y.; Yang, G.; Qu, L. Highly sensitive SERS detection of IL-6 in serum by Au@Fe3O4 nanoring-based sandwich immunoassay. Sens. Actuators B Chem. 2023, 375, 132897. [Google Scholar] [CrossRef]

	



Wu, X.; Luo, L.; Yang, S.; Ma, X.; Li, Y.; Dong, C.; Tian, Y.; Zhang, L.; Shen, Z.; Wu, A. Improved SERS Nanoparticles for Direct Detection of Circulating Tumor Cells in the Blood. ACS Appl. Mater. Interfaces 2015, 7, 9965–9971. [Google Scholar] [CrossRef]

	



Ruan, H.; Wu, X.; Yang, C.; Li, Z.; Xia, Y.; Xue, T.; Shen, Z.; Wu, A. A Supersensitive CTC Analysis System Based on Triangular Silver Nanoprisms and SPION with Function of Capture, Enrichment, Detection, and Release. ACS Biomater. Sci. Eng. 2018, 4, 1073–1082. [Google Scholar] [CrossRef] [PubMed]

	



Xue, T.; Wang, S.; Ou, G.; Li, Y.; Ruan, H.; Li, Z.; Ma, Y.; Zou, R.; Qiu, J.; Shen, Z.; et al. Detection of circulating tumor cells based on improved SERS-active magnetic nanoparticles. Anal. Methods 2019, 11, 2918–2928. [Google Scholar] [CrossRef]

	



Zeng, S.; Baillargeat, D.; Ho, H.-P.; Yong, K.-T. Nanomaterials enhanced surface plasmon resonance for biological and chemical sensing applications. Chem. Soc. Rev. 2014, 43, 3426–3452. [Google Scholar] [CrossRef]

	



Szymanska, B.; Lukaszewski, Z.; Hermanowicz-Szamatowicz, K.; Gorodkiewicz, E. A biosensor for determination of the circulating biomarker CA125/MUC16 by Surface Plasmon Resonance Imaging. Talanta 2020, 206, 120187. [Google Scholar] [CrossRef]

	



Wang, Q.; Zou, L.; Yang, X.; Liu, X.; Nie, W.; Zheng, Y.; Cheng, Q.; Wang, K. Direct quantification of cancerous exosomes via surface plasmon resonance with dual gold nanoparticle-assisted signal amplification. Biosens. Bioelectron. 2019, 135, 129–136. [Google Scholar] [CrossRef]

	



Liu, L.; Thakur, A.; Li, W.K.; Qiu, G.; Yang, T.; He, B.; Lee, Y.; Wu, C.-M.L. Site specific biotinylated antibody functionalized Ag@AuNIs LSPR biosensor for the ultrasensitive detection of exosomal MCT4, a glioblastoma progression biomarker. Chem. Eng. J. 2022, 446, 137383. [Google Scholar] [CrossRef]








[image: Molecules 28 04370 g001 550] 





Figure 1. The main types of tumor markers. GSH: glutathione. 
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Figure 2. The construction of a MoS2/Cu-Au sensing platform and the inspection process of CEA: the proposed immunosensor was mainly synthesized by hydrothermal method, and antibodies (Ab2) are utilized to achieve accurate detection of CEA. CEA: cancer embryo antigen; BSA: bovine serum protein. 
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Figure 3. Scheme of the construction and detection principle of a sandwich-type electrochemical biosensor: the modification of materials was achieved in various solutions, including the introduction of amino and boronic acid groups. CEA: cancer embryo antigen; BSA: bovine serum protein. 
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Figure 4. Molecular machine for miRNA detection by gold nanomembranes based on a 3D popcorn structure. FTO: fluorine-doped tin oxide coated glass; MCH: 6-mercapto-1-hexanol; DNA-R6G: DNA-rhodamine 6G. 
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Figure 5. Scheme of detection of GSH in vitro based on MnO2 nanoplates: MNP material can interact with GSH to induce a color change of TMB, thereby achieving quantitative detection. HSA: human serum albumin; TMB: 3,3′, 5,5′-tetramethyl biphenylamine; GSH: glutathione. 
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Figure 6. Scheme of the synthesis route of ternary ZnO/Ag nano-photocatalyst and colorimetric immunoassay for target CEA detection. CEA: cancer embryo antigen; MB: magnetic bead modified with -NH2; TMB: 3,3′, 5,5′-tetramethyl biphenylamine. 
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Figure 7. SERS inspection process of gold-coated TiO2. MIO: macroporous inverse opal; SERS: surface-enhanced Raman scattering. 
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Figure 8. Scheme of GBM liquid biopsy using BAF Ag@AuNIs LSPR biosensor to detect enhanced MCT4 in blood-derived exosomes. GBM: glioblastoma; MCT4: monocarboxylate transporter 4; BAF: biotinylated antibody functionalization; LSPR: local surface plasmon resonance. 
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Table 1. MNPs’ electrochemical sensor that has been reported in the literature.






Table 1. MNPs’ electrochemical sensor that has been reported in the literature.





	Materials
	Tumor Marker
	Linearity Range
	Limit of Detection
	Ref.





	N-doped graphene/Au nanoparticles

(NG-AuNPs)
	miRNA
	10 fM~1 nM
	0.17 fM
	[34]



	Multifunctional iron-based metal–organic frameworks (PdNPs@Fe-MOFs)
	miRNA
	0.01 fM~10 pM
	0.003 fM
	[35]



	Unmodified gold nanoparticles (AuNPs)
	miRNA
	0.05~0.9 pM
	16 fM
	[36]



	Gold nanoparticle (AuNP)-coated magnetic microbeads (AuNP-MMBs)
	miRNA
	5 fM~100 fM
	0.14 fM
	[37]



	Graphite oxide–gold (GO-Au) nanocomposites
	CEA
	1~40 ng/mL
	15.8 ng/mL
	[38]



	Silver nanoclusters (AgNCs@Apt@UiO-66)
	CEA
	0.01~10 ng/mL
	0.3 ng/mL
	[39]



	Au@Ag

nanoparticles (Au@Ag NPs)
	CEA
	0.0001~100 ng/mL
	0.05 pg/mL
	[40]



	MoS2–Au composite–Ag NPs
	CEA
	1 pg/mL~50 ng/mL
	0.27 pg/mL
	[41]



	Ag/MoS2@Fe3O4
	CEA
	0.0001~20 ng/mL
	0.03 pg/mL
	[42]



	Platinum porous nanoparticles (Pt PNPs)
	CEA, AFP
	0.05 ng/mL~200 ng/mL
	0.002, 0.05 ng/mL
	[43]



	Carbon–gold nanocomposite (CGN)
	CEA, PSA, AFP
	0.01~100 ng/mL
	2.7, 4.8 and 3.1 pg/mL
	[44]



	Hollow gold nanospheres (HGN)
	DNA
	1~10 nM
	1 pM
	[45]



	Magnetic mesoporous nanogold/thionine/NiCo2O4
	SCCA
	2.5 pg/mL~15 ng/mL
	1.0 pg/mL
	[46]
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Table 2. MNP sensors based on chemical catalysis for marker detection.
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	Materials
	Tumor Marker
	Linearity Range
	Limit of Detection
	Ref.





	Co/Mn oxide nanocomposite
	ACP
	0.02~1.0 U/L
	8.2 mU/L
	[52]



	PdPt bimetallic alloy nanowires (Pd/Pt NWs)
	ACP
	0.17~2.67 U/L
	0.06 U/L
	[53]



	Carboxylated chitosan modified Pt nanoclusters (CC-Pt NCs)
	ACP
	0.25~18 U/L
	1.31 × 10−3 U/L
	[54]



	MnO2 nanosheets
	ACP
	0.075~0.45 mU/mL
	0.046 mU/mL
	[55]



	Molybdenum oxide nanoparticles (MoO3 NPs)
	ACP
	0.09~7.3 U/L
	0.011 U/L
	[47]



	CuO nanoparticles
	cholesterol
	0.625~12.5 μM
	0.17 μM
	[56]



	Ultrasmall Pt nanoclusters (Pt NCs)
	glucose
	0~200 µM
	0.28 µM
	[57]



	CuS nanoparticles (CuS NPs)
	AFP
	0.1–60 ng/mL
	0.07 ng/mL
	[58]



	Two-dimensional Co9S8 nanocomposites

(H2TCPP-Co9S8 nanocomposites)
	H2O2
	10~200 μM
	8.19 μM
	[59]



	Porous 2D FeS2 nanosheets
	H2O2
	0.02~4.00 μM
	7.60 nM
	[60]



	Pt–Ru bimetallic nanoclusters (Pt–Ru NCs)
	H2O2
	0.1~5 μg/mL
	0.08 μg/mL
	[61]



	Dendritic mesoporous silica nanoparticle-MnO2
	GSH
	2~250 μM
	0.654 μM
	[62]



	BSA-AuNP@ZnCo2O4 nanosheets
	GSH
	0.25~17.50 U/L
	0.137 U/L
	[63]
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Table 3. Tumor marker detection scheme based on fluorescent sensor.
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	Materials
	Tumor Marker
	Linearity Range
	Limit of Detection
	Ref.





	CuInSe2@ZnS nanoprobes
	MCF-7 cells
	10~5000 cell/well
	12 cell/well
	[73]



	Functionalized Ag2S nanodot
	MCF-7 cells
	6–10 cell/mL
	-
	[74]



	Pd nanosheets
	ctDNA
	1~100 nM
	0.63 nM
	[75]



	Fe3O4 nanoparticles
	ctDNA
	100 amol/L~1 nmol/L
	1.6 amol/L
	[76]



	Gold nanocages (Au NCs)
	ctDNA
	5 pmol/L~1000 pmol/L
	6.30 pmol/L
	[77]



	Fe3O4 magnetic nanoparticle
	Hepatic carcinoma-specific exosomes
	576 (±15)~5.76 × 107 (±5.1 × 105) particles/mL
	200 (±9) particles/mL
	[78]



	Ln-upconversion nanoparticles (UCNPs)
	CEA
	0.03~6 ng/mL
	10.7 pg/mL
	[79]



	Carbon dots@SiO2 nanorods
	CEA
	1 fg/mL~10 ng/mL
	794.6 ag/mL
	[80]



	Palladium nanoparticles (PdNPs)
	AFP
	5.0~150.0 ng/mL
	1.38 ng/mL
	[81]



	Anti-AFP antibody functional gold nanoparticles (Au NPs)
	AFP
	0.50~45 ng/mL
	400 pg/mL
	[82]



	ZnS nanospheres modified with CdTe quantum dots
	AFP
	0.04~64 ng·mL
	10 pg/mL
	[83]



	NaYF4:Yb3+, Er3+@NaYF4:Yb3+ UCNPs
	PSA
	0.1~10 ng/mL
	0.01 ng/mL
	[84]



	Fe3O4 magnetic-quantum dot nanobeads
	PSA
	0.01~100 ng mL
	0.061 ng/mL
	[85]



	Entropy-driven amplification system-templated silver nanoclusters (Ag NCs)
	miRNA
	0~50 nM
	8.7 pM
	[86]
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Table 5. Comparison of tumor marker detection techniques.
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	Technology
	Basic Principle
	Advantage
	Disadvantage





	Electrochemical sensors
	Converts an interaction signal between a biometric element and a recognition target into a detectable electrical signal
	High selectivity; mass production and integration; rapid and low cost; simple and suitable for complicated situation
	Lack of specificity for the captured cancer cells; lack of ability to detect intracellular protein markers



	Fluorescence
	Change of fluorescence spectrum and fluorescence intensity
	High selectivity and stability; simplicity and rapidity; good accuracy; biocompatible
	Spectral overlap; photobleaching; nonspecific binding labeling



	SERS
	Difference in Raman scattering spectra of different molecule
	High selectivity and sensitivity; noninvasive and nondestructive
	Expensive and complicated equipment; batch-to-batch reproductivity of SERS substrate



	SPR
	Refractive index changes occurring from the capture of a molecule on the plasmonic surface
	Real-time; free-label; high accuracy; suitable for different biofluids
	Limited detection; interference from complex samples
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