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Abstract

:

Cancer immunotherapy encompasses a variety of approaches which target or use a patient’s immune system components to eliminate cancer. Notably, the current use of immune checkpoint inhibitors to target immune checkpoint receptors such as CTLA-4 or PD-1 has led to remarkable treatment responses in a variety of cancers. To predict cancer patients’ immunotherapy responses effectively and efficiently, multiplexed immunoassays have been shown to be advantageous in sensing multiple immunomarkers of the tumor microenvironment simultaneously for patient stratification. Surface-enhanced Raman spectroscopy (SERS) is well-regarded for its capabilities in multiplexed bioassays and has been increasingly demonstrated in cancer immunotherapy applications in recent years. This review focuses on SERS-active nanomaterials in the modern literature which have shown promise for enabling cancer patient-tailored immunotherapies, including multiplexed in vitro and in vivo immunomarker sensing and imaging, as well as immunotherapy drug screening and delivery.
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1. Introduction


Cancer is a dynamic disease that can engage multiple immune evasion strategies to promote tumor growth and spread [1,2,3,4,5]. The tumor microenvironment is a complex system of immune cells, cytokines, chemokines, soluble factors, growth factors, and adhesion molecules which drives malignant tumor cell interactions with surrounding normal cells (Figure 1) [6,7,8,9]. Cancer immunotherapy is based on the reprogramming of molecular mechanisms that govern the interplay between cancer cells and immune cells within the tumor microenvironment. The tumor microenvironment is critical in cancer initiation and spread, as well as therapeutic responses and resistance. As such, recent landmark progress and ongoing efforts in cancer treatment of the last decade focus on targeting various components of the tumor microenvironment as cutting-edge cancer immunotherapies [10,11,12,13,14]. Widely utilized cancer immunotherapy approaches include immune checkpoint blockade therapy directed against immune checkpoint proteins (e.g., PD-1, PD-L1, CTLA-4, TIM-3, VISTA), chimeric antigen receptor T (CAR-T) cells, dendritic cell vaccines, and cytokines, among others [15,16,17,18,19,20]. However, therapy outcomes for the same immunotherapy vary from patient to patient due to the engagement of different immune evasion pathways. Therefore, it is essential to profile biomarkers within the tumor microenvironment for predicting the efficacy of immunotherapy among responders and non-responders [21,22,23,24,25,26,27].



One strategy to improve the efficacy of current cancer immunotherapies relies on the better identification and detection of molecular biomarkers within the tumor microenvironment to predict and monitor tumor response. For instance, the use of an anti-PD-L1 biomarker immunoassay on tumor tissues has been clinically validated and received FDA (Food and Drug Administration) approval for the prediction of response to first-line immunotherapy in certain cancer types [28,29]. It can thus be envisaged that with advances in immunomarker discoveries in solid tissue and/or liquid sample matrices, molecular signatures within the tumor microenvironment can guide the precise selection of cancer immunotherapies. Still, from a biosensing perspective, the task of immunomarker detection within the intricate yet interconnecting tumor microenvironment is extremely challenging. This is due to the need for simultaneous profiling of multiple biomarkers that may be present in trace quantities.



In relation to these said challenges, recent progress in surface-enhanced Raman spectroscopy (SERS)-active nanomaterials to impart both excellent SERS immunomarker detection sensitivity and multiplexity has gained significant attention. In brief, SERS detection involves laser activation and signal acquisition on surface-modified metallic nanomaterials that are used for labeling target biomolecules via specific interactions [30,31,32]. SERS-active nanomaterials confer excellent Raman signal enhancement efficiency and can be encoded with various organic Raman reporter molecules for the multiplexed detection of various biomolecules via innovative quantification modes [33,34,35,36,37]. Thus, this combination of cutting-edge nanomaterials and spectroscopic effect has enabled the use of SERS in miniaturized reaction volumes with exceptional detection performance [38]. Typically, gold nanostructures are the most common nanomaterial for SERS immunoassays due to their biocompatibility and facile surface modification chemistries for targeting moieties, contrast agents, and/or stabilizing molecules.



Although the general use of SERS-active nanomaterials has been extensively reviewed in recent times, a specific focus on the latest usage of SERS-active nanomaterials for decoding tumor–host immune interactions is yet to be summarized [30,33,39,40,41]. In a bid to provide a unique outline on the emerging use of SERS in the exciting field of cancer immunotherapy, we herein discuss the recent progress in SERS nanomaterials that have exhibited application potential for patient-tailored cancer immunotherapy selection and monitoring, including multiplexed in vitro and in vivo immune-sensing, -imaging, and -drug screening/delivery.




2. SERS Immunomarker Sensing on Cells and in Circulation


The success of cancer immunotherapeutic approaches is largely dependent on the efficient identification of a variety of immunomarkers in the tumor microenvironment, against which therapeutic approaches can be engaged for the best possible outcome [42,43,44]. SERS-active nanomaterials have been developed for SERS immunomarker sensing and immunotherapy stratification, with the latest reports including immune checkpoint blockade immunomarkers on the cell surface, as well as in circulation. The most common SERS-active nanomaterial-based strategy for immunomarker sensing involves the incubation of antibody-coated metallic SERS nanoparticles with target immunomarkers, followed by subsequent excitation with a laser source and SERS signal acquisition to quantitatively reflect the presence of target biomarkers in the sample.



Stepula et al. reported an Au/Au core/satellite nanoparticles-based SERS assay technique for the specific and sensitive analysis of the PD-L1 biomarker expression on cancer cell surfaces [45]. Herein, the Raman signature of the reporter molecules attached on the antibody-functionalized Au/Au core/satellite nanoparticles significantly enhances the Raman signal strength, hence improving the detection sensitivity. This enhancement of the Raman signal is highly influenced by the plasmonic coupling between the Au core and the Au satellites of nanoparticles that leads to the formation of a very high local electric field, termed as hot spots, for Raman signal amplification [45].



The detection and characterization of CD8+ T cells, one of the key regulators for immunoregulation, has also been demonstrated with a composite organic–inorganic nanoparticles (COINs)-based SERS assay. COINs are a modified form of SERS nanoparticles with a significantly enhanced Raman signal, with around a 104-5-fold higher intensity as compared with single silver nanoparticles. COINs are clusters of silver nanoparticles tagged with Raman dyes and prepared in the presence of heat or salt, and the increased aggregation of nanoparticles facilitate significantly enhanced Raman signals. Utilizing this method, Sailaja and co-workers successfully detected CD8+ T cells (as low as 7% of total cells) from a background of peripheral blood mononuclear cells. Furthermore, they also demonstrated the utility of COINs for intracellular phosphorylation signaling in a U937cell line model treated with IL (interleukin)-4 and IFN (interferon)-γ [46]. In another study showing the detection of immunomarkers on leukemic lymphocytes, Zhang et al. employed gold nanoparticles capped by Raman reporter molecules and antibodies, and then encapsulated by polyethylene glycol for specifically targeting the CD3 or CD19 expression on target cells [47].



Parallel to surface bound protein biomarkers, immunomarkers present in circulation are also gaining significant attention for their potential clinical applications in both disease diagnosis and treatment monitoring. Li et al. reported the use of gold–silver alloy nanoboxes as SERS-active nanomaterials for the simultaneous SERS detection of multiple circulating immunomarkers (soluble PD-1, PD-L1, and EGFR) present in body fluid [48]. The SERS particles developed in this report were anisotropic gold–silver alloy nanoboxes which generated stronger Raman signal intensities than typical spherical gold or silver nanoparticles. Further, the system employed nanoyeast-scFvs as the target capture agents which offered better surface functionalization. The application of this system was demonstrated for the detection of soluble PD-1, PD-L1, and EGFR in human serum at low concentrations of 6.17, 0.68, and 69.86 pg/mL, respectively [48].



In a separate study, Reza et al. developed a combination approach of microfluidics and SERS for the ultrasensitive detection of multiple soluble immune checkpoint biomarkers at as low as 100 fg/mL in simulated human serum samples. In this system, fluidic nanomixing within the microfluidic channels enabled the efficient capture of an extremely low amount of target immunomarker proteins. The introduction of SERS nanotags, in the format of gold nanoparticles modified with Raman reporter molecules and antibodies, as detection moieties significantly contributes to the enhanced Raman signal acquisition for the fg level detection of soluble PD-1, PD-L1, and LAG-3 within the assay platform [49].



SERS-based methods have also been investigated for cytokine secretion analysis as an indicator of immune response to diseases. For example, Wang et al. reported a SERS assay, termed as target-controlled assembly-based SERS (TCA-SERS) immunoassay, for the multiplexed detection of three cytokines (IFN-γ, IL-2, and TNF-α) from complex biological samples (Figure 2A). In this study, they decorated gold nanoparticles or nanorods with antibody half-fragments, nanofluorescent Raman-active dyes, and passivating proteins which showed excellent biocompatibility and stability. This functionalization of a SERS-active nanomaterial with antibody half-fragments enabled the controlled assembly of SERS nanoparticles in response to sandwiched antibody–antigen interactions. The resultant orientation of nanoparticles in close proximities facilitated plasmonic coupling that resulted in high SERS enhancement and extremely sensitive detection of cytokines down to the pM level [50].



Similarly, Cao and colleagues reported a SERS sandwich immunoassay for the highly sensitive and specific detection of IL-8 from human serum samples at as low as 6.88 pg/mL [51]. In this work, they immobilized antibodies on highly branched gold nanoparticles (HGNPs)-decorated indium tin oxide glass as the capture substrates for IL-8, and utilized gold nanocages (GNCs) as SERS tags to enable the formation of sandwich structures in the presence of IL-8. The close proximities of HGNPs and GNCs during IL-8 capture resulted in the formation of interstitial regions and produced significantly enhanced Raman scattering upon laser excitation. Hence, this enabled the detection of very low concentrations of IL-8 from breast and gastric cancer patients’ serum samples.



In another study, Li et al. developed a set of SERS-active nanomaterials consisting of a gold core functionalized with Raman reporter molecules and a silver layer around the gold core. The designed orientation of gold in the center surrounded by a silver shell produces a local hotspot for Raman reporter molecules within the metal gap and contributes to a high signal intensity. Furthermore, the silver shell also protects the reporter molecules from the external environment, hence reducing any bias due to interferences. The detection methodology is straightforward via the magnetic purification of target proteins and SERS nanomaterial-labeling of target proteins before laser excitation and SERS signal acquisition. The assay is extremely sensitive and was demonstrated for the detection of multiple cytokines at as low as 4.5 pg/mL (Figure 2B) [52].



The identification and characterization of T cell subsets that play major roles in adaptive immunoresponse in the tumor microenvironment are important for delineating host immune response, new drug target selection, and therapy assessment. To enable such robust analysis, Dey et al. developed a highly sensitive integrated assay platform that leverages the benefits of microfluidics for target antigen specific T cell isolation, and SERS-active nanomaterials for the detection and characterization of T cell receptor expression heterogeneity at individual cell levels (Figure 2C) [53]. In this approach, the enhanced micromixing under an electrohydrodynamic fluid flow significantly increased the collisions between peptide–major histocompatibility complex (pMHC)-functionalized capture surface and target T cells, and contributed to the capture of 56.93 ± 7.31% of total CD4+ T cells in prepared samples. Furthermore, on-chip target cell staining with pMHC-SERS nanotags and subsequent retrieval of these target T cells facilitated the screening of the receptor expression level on T cells [53]. Although this method has shown significant potential for clinical application, it remains in the early phase of development and needs further validation for clinical translation.




3. SERS Single Cell-Immunoimaging


Immunoimaging of multiple components of the tumor microenvironment is crucial for understanding the immunotherapy landscape, allowing the prediction of treatment outcome and monitoring of treatment efficacy [54,55]. Currently, in vitro or in vivo immunoimaging is typically achieved via immunohistochemical staining or fluorescence-based immunocytochemical imaging. However, both techniques are limited by image interpretation (i.e., pathology) expertise and variability or autofluorescence and photobleaching issues. In recent years, various new SERS-active nanomaterials have been developed to enhance performance in multiplexed SERS immunomarker imaging [40,56,57,58,59,60]. The advantages of SERS immunoimaging include high spatiotemporal resolution, multiplexing with minimal spectral overlapping, and specific Raman reporter-labeling of targets [58,61,62,63]. In recent years, there has been an increasing uptake of designed SERS-active nanomaterials for cancer immunotherapy applications, particularly for cell surface immune checkpoint biomarkers.



Tian and colleagues synthesized novel ternary heterostructure SERS nanoprobes for the evaluation of the PD-L1 expression on breast cancer cells (Figure 3A) [64]. The SERS substrate was prepared through a layer-by-layer coating process, starting with the coating of graphene oxide (GO) on iron oxide (Fe3O4) nanoparticles through electrostatic adsorption. Then, uniform porous titanium oxide (TiO2) shell layers were created via a versatile kinetics-controlled coating method to generate magnetic Fe3O4@GO@TiO2 ternary heterostructures. The synthesized ternary heterostructures were then incubated with the copper phthalocyanine (CuPc) Raman reporter and anti-PD-L1 molecules to generate the finalized plasmon-free SERS nanoprobes for the evaluation of the PD-L1 expression of cancer cell surfaces. Using these SERS nanoprobes, the enhancement factor of the CuPc SERS signal was estimated to be 8.08 × 106 due to the resonance Raman effect of CuPc, charge transfer between GO and TiO2, and enrichment from the porous TiO2. Using Raman mapping imaging, the nanoprobes were successfully used for in situ quantification and imaging of the PD-L1 expression on three different triple-negative breast cancer cell lines at the single-cell level, and for monitoring the PD-L1 expression variation during IFN-γ drug treatment.



Bardhan and co-workers also reported several progressive studies on the use of gold nanostructures for SERS imaging of checkpoint inhibition immunomarkers. They first reported a one-step HEPES (2-[4-(2-hydroxyethyl)-piperazin-1-yl] ethanesulfonic acid)-mediated synthesis of multibranched gold nanoantennas (MGNs) for the multiplexed SERS imaging of PD-L1 and EGFR with high spatial resolution [65]. The MGNs consisted of spherical cores which absorbed incident light, and multiple protrusions which routed and concentrated incident light-like nanoantennas. The sub-100 nm MGNs were then functionalized with anti-EGFR or anti-PD-L1 antibodies via a heterobifunctional linker bioconjugation chemistry and Raman molecules ρMBA and DTNB, respectively. The authors then performed multiplexed in vitro SERS imaging by simultaneously incubating MDA-MB-231 breast cancer cells with a mixture of anti PD-L1-DTNB-MGNs and anti-EGFR-ρMBA-MGNs, and achieved highly specific detection of both biomarkers.



This initial work was then extended to using similarly shaped gold nanostars (AuNS) for both in vivo longitudinal PD-L1 and EGFR tracking, as well as ex vivo Raman mapping of whole tumor lesions (Figure 3B) [66]. Using mouse models bearing MDA-MB-231 xenografts, the researchers delivered the SERS-active nanostars via systemic injection and were able to track the AuNS longitudinally over 72 h to assess both the PD-L1 and EGFR receptor status via in vivo SERS imaging. The direct placement of a Raman fiber optic probe on the tumor xenograft for in vivo SERS measurements is ideal for subcutaneous tumors, which enables sufficient light penetration and detection of Raman scattering. This allows immunomarker monitoring during disease with minimal need for repetitive invasive biopsies. Using 5-micron tumor sections of whole tumor xenografts, the authors performed ex vivo SERS mapping of entire tissue sections and provided near cellular-level spatial and temporal resolution of the PD-L1 and EGFR expression in tumor areas. This enables the addressment of current autofluorescence and photobleaching challenges with immunofluorescence imaging.



The development of multimodal SERS nanomaterials facilitates immunoimaging using SERS and other established imaging technologies [67,68,69]. To this end, the use of AuNS in multiplexed SERS imaging has lately been developed further into immunoactive AuNS (IGNs) for combining SERS imaging with positron emission tomography (PET) (Figure 3C) [70]. IGNs were labeled with antibodies, Raman labels, and 64Cu for versatile use in whole-body PET imaging and targeted immunomarker SERS imaging. Ou and colleagues demonstrated the IGNs for immunoimaging for PD-L1+ tumor cells and CD8+ T cells simultaneously with high sensitivity and specificity. Additionally, IGNs were effectively used to monitor immunotherapy responses in mice treated with a combination of anti-PD-L1 and anti-CD137 monoclonal antibodies. The extended use of this multimodal multiplexed immunoimaging method for various immunomarkers in the tumor microenvironment (inhibitory ligands such as TIM-3 or LAG-3; immune cell populations such as CD4+ T cells or natural killer cells) could allow for the identification of patients who will respond to immunotherapies even before treatment commencement.



Schlücker and colleagues employed Au/Au core/satellite nanoparticles as SERS nanotags for immune-SERS microscopy (iSERS) of PD-L1 localization on single breast cancer cells (Figure 3D) [45]. The SERS nanotags exhibited remarkable signal brightness and colloidal stability under laser excitation and iSERS has the main benefit of significantly reducting cell autofluorescence due to the use of red to near-infrared laser excitation. The SERS nanotags were synthesized by first coating positively charged 50 nm Au nanosphere cores with the MMC (7-mercapto-4-methylcoumarin) Raman reporter and negatively charged 30 nm Au nanoparticle satellites. The Au/Au core/satellite nanoparticles were then conjugated to anti-PD-L1 antibodies via EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide)/NHS (N-hydroxysuccinimide) chemistry. Using the synthesized SERS nanotags in iSERS, the authors demonstrated the capability for the specific imaging of the PD-L1 expression on single SkBr-3 cells.




4. SERS Immunotherapeutic Drug Screening and Delivery


SERS-active nanomaterials can be imbued with compelling traits for drug screening and delivery applications [67,71,72,73,74,75]. This extended the potential translational applications of SERS from biomarker sensing/imaging (as discussed in prior sections) to drug screening/delivery in the process of cancer immunotherapy. Explicitly, the multiplexing capability and high signal enhancement effect of SERS in small volume reactions of SERS is fitting for high-throughput screening for therapeutic candidates, and the photon excitation mechanism of SERS is also optimal for administrating photothermal therapy to kill targeted cancer cells.



Wu and co-workers reported the combination of SERS nanoprobes and microfluidics that gave rise to a fully integrated and highly automated platform for probing intercellular communications in a tumor microenvironment and testing potential drug candidates (Figure 4A) [76]. Using SERS-active nanomaterials in the form of antibody-labeled gold@silver core–shell nanorods, the secretion of immunosuppressive proteins (TGF-β1, PGE2, and IL-10) was characterized through multiplexed detection with high 1 ng/mL sensitivity. The microfluidic compartments provided the conditions to culture both human cervix carcinoma (HeLa) cells and T cells side by side and facilitate the simulation of cancer cell–immune system communications. Furthermore, on-chip screening of anti-cancer drug (artesunate) response was demonstrated through the quantitative detection of SERS signals of respective immunosuppressive proteins secreted into the extracellular environment by cancer cells. Through realistic expansion of throughput capability on the microfluidic platform, SERS-active nanomaterials could ideally be further harnessed for the screening of different immunotherapeutic drugs.



In a separate approach, Yao et al. demonstrated the potential of the dual functionality of SERS nanomaterials for lymphoma cell detection as low as single cell and the enhancement of immmunotherapy efficiency (Figure 4B) [77]. In this study, the authors reported a method for preparing Rituxan (monoclonal antibody drug for lymphoma)-functionalized 50 nm silver nanoparticles to label and detect lymphoma cells. The silver nanoparticles were prior coated with a layer of ρMBA Raman reporter molecules through thiol molecules before covalent conjugation of Rituxuan using EDC-NHS coupling. Rituxan targets the CD20 immunomarker on malignant cells, and the resident time on the cell surface is important for the Rituxan and CD20 interaction, as well as drug internalization and cell killing. The nanoconjugation of Rituxan to SERS-active silver nanoparticles was shown to enhance a cap formation of CD20 clustering on the cell membrane, and increased drug efficiency by ~21% for inducing cell death as compared with unconjugated Rituxan treatment. This nanoconjugate construct is a promising tool in lymphoma theranostics by integrating the specific SERS detection of CD20(+) lymphomas cells with enhanced drug therapy at the molecular level.



SERS-active nanomaterials can serve as an externally controlled light-triggered therapeutic tool upon the specific detection of cancer immunomarkers. Webb and colleagues utilized antibody-labeled MGNs to target PD-L1 and EGFR on cell surfaces and enabled receptor-specific photothermal therapy (PTT) using an 808 nm laser for 15 min at 4.7 W/cm2. PTT was performed on both breast cancer MDA-MB-231 and MCF7 cell lines to demonstrate minimal non-specific binding and off-site toxicities, as well as highly specific and sensitive spatiotemporal cell death control with low laser power. This methodology shows the potential of theranostic SERS-active nanomaterials for predictive and personalized cancer immunotherapy via image-guided immunomarker imaging and PTT.




5. Outlook


As discussed in the preceding sections and ongoing research studies, the versatility of SERS-active nanomaterials for different biomarkers has been well demonstrated. From a manufacturing standpoint, the mass production of basic SERS-active nanomaterials in the form of gold or silver nanoparticles is economically feasible and commercially available at present. Although SERS-active nanomaterials have offered opportunities in the use of SERS for immunomarker profiling within the tumor microenvironment, there remain nanomaterial-related challenges to be resolved in both technical (better SERS detection performance) and biological (providing clinically useful information) contexts. As ascertained advances into biological mechanisms, biomarker developments, and novel drug designs of cancer immunotherapies continue into the foreseeable future, efforts should similarly be made to progress SERS-active nanomaterials towards clinical translation and commercialization in immunotherapeutic applications.



One crucial step forward is the investigation of stability and interactions of SERS-active nanomaterials in the tumor microenvironment, especially for in vivo applications. Firstly, the stability of SERS-active nanomaterials in biological fluids is associated with rational nanoscale design and fabrication criteria for biocompatibility (Figure 5A) [78,79]. Thence, considerations into surface modification strategies of SERS-active nanomaterials should be taken into consideration to prevent aggregation and minimize surface fouling from the rich excess of non-target biomolecules in the tumor microenvironment. Secondly, the interactions of nanomaterials with biological molecules can cause unintended immune responses such as inflammation or apoptosis. Thus, an in-depth understanding into the mechanisms and immune consequences of SERS-active nanomaterials within the tumor microenvironment is important for safe and accurate use in different cancer immunotherapy applications.



Next, extensive clinical validation of SERS-active nanomaterials for immunomarker sensing, imaging, and drug delivery should be performed to quantitatively measure clinical performance beyond proof-of-principle analytical studies [80]. To evaluate SERS nanomaterials clinically, an archetypical approach as outlined in our recent research study may be employed (Figure 5B) [81]. In concise terms, our clinical validation blueprint involves the identification and selection of a clinically proven biomarker model for testing, as well as use of independent training and validation patient sample cohorts to minimize the evaluation bias. Optimistically, this can further convince the feasibility of a novel SERS-active nanomaterial for patient benefit and progress beyond academic research into clinical settings.



Lastly, we are increasingly observing the integration of multiple molecular species (e.g., DNA, RNA, proteins) as a single cancer biomarker signature to provide a more comprehensive profile of tumor biology as compared with the use of a single molecular species. As the current research endeavors reviewed herein are mainly focused on protein-based immunoassays, it is foreseen that the use of SERS-active nanomaterials can quintessentially be extended to nucleic acid biomarkers for cancer immunotherapy applications [82,83,84]. Given the biological complexity of the molecular landscape within the tumor microenvironment, overcoming the challenge in expanding the application repertoire of SERS-active nanomaterials for multiple molecular species would fully utilize the versatility, sensitivity, and multiplexibility of SERS (Figure 5C).




6. Conclusions


The vast possibilities of SERS-active nanomaterials have enabled the modern venture into various application domains of cancer immunotherapies. Such nanomaterial strategies have taken decades to attain the present progress of SERS in the biomedical field, and the works which have been reviewed herein indicate the tantalizing prospects of extending the unique characteristics of SERS for the sensing, imaging, and drug treatment of cancer immunomarkers in the complex tumor microenvironment.







Author Contributions


Writing—original draft preparation, S.D. and K.M.K.; writing—review and editing, S.D., M.T. and K.M.K. All authors have read and agreed to the published version of the manuscript.




Funding


K.M.K. and M.T. acknowledge funding from the YFG Shopping Centre Prostate Cancer Research Grant.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fridman, W.H.; Pagès, F.; Sautes-Fridman, C.; Galon, J. The immune contexture in human tumours: Impact on clinical outcome. Nat. Rev. Cancer 2012, 12, 298–306. [Google Scholar] [CrossRef] [PubMed]

	



Vinay, D.S.; Ryan, E.P.; Pawelec, G.; Talib, W.H.; Stagg, J.; Elkord, E.; Lichtor, T.; Decker, W.K.; Whelan, R.L.; Kumara, H.S. Immune evasion in cancer: Mechanistic basis and therapeutic strategies. Semin. Cancer Biol. 2015, 35, S185–S198. [Google Scholar] [CrossRef] [PubMed]

	



Vesely, M.D.; Kershaw, M.H.; Schreiber, R.D.; Smyth, M.J. Natural innate and adaptive immunity to cancer. Annu. Rev. Immunol. 2011, 29, 235–271. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	



Bindea, G.; Mlecnik, B.; Tosolini, M.; Kirilovsky, A.; Waldner, M.; Obenauf, A.C.; Angell, H.; Fredriksen, T.; Lafontaine, L.; Berger, A. Spatiotemporal dynamics of intratumoral immune cells reveal the immune landscape in human cancer. Immunity 2013, 39, 782–795. [Google Scholar] [CrossRef] [PubMed]

	



Pearce, O.M.; Delaine-Smith, R.M.; Maniati, E.; Nichols, S.; Wang, J.; Böhm, S.; Rajeeve, V.; Ullah, D.; Chakravarty, P.; Jones, R.R. Deconstruction of a metastatic tumor microenvironment reveals a common matrix response in human cancers. Cancer Discov. 2018, 8, 304–319. [Google Scholar] [CrossRef] [PubMed]

	



Berraondo, P.; Umansky, V.; Melero, I. Changing the tumor microenvironment: New strategies for immunotherapy. Cancer Res. 2012, 72, 5159–5164. [Google Scholar] [CrossRef] [PubMed]

	



Hanahan, D.; Coussens, L.M. Accessories to the crime: Functions of cells recruited to the tumor microenvironment. Cancer Cell 2012, 21, 309–322. [Google Scholar] [CrossRef] [PubMed]

	



Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423. [Google Scholar] [CrossRef] [PubMed]

	



Mellman, I.; Coukos, G.; Dranoff, G. Cancer immunotherapy comes of age. Nature 2011, 480, 480–489. [Google Scholar] [CrossRef] [PubMed]

	



Ventola, C.L. Cancer immunotherapy, part 3: Challenges and future trends. Pharm. Ther. 2017, 42, 514. [Google Scholar]

	



Clara, J.A.; Monge, C.; Yang, Y.; Takebe, N. Targeting signalling pathways and the immune microenvironment of cancer stem cells—A clinical update. Nat. Rev. Clin. Oncol. 2020, 17, 204–232. [Google Scholar] [CrossRef] [PubMed]

	



Khalil, D.N.; Smith, E.L.; Brentjens, R.J.; Wolchok, J.D. The future of cancer treatment: Immunomodulation, CARs and combination immunotherapy. Nat. Rev. Clin. Oncol. 2016, 13, 273. [Google Scholar] [CrossRef] [PubMed]

	



Smyth, M.J.; Ngiow, S.F.; Ribas, A.; Teng, M.W. Combination cancer immunotherapies tailored to the tumour microenvironment. Nat. Rev. Clin. Oncol. 2016, 13, 143. [Google Scholar] [CrossRef] [PubMed]

	



Leach, D.R.; Krummel, M.F.; Allison, J.P. Enhancement of antitumor immunity by CTLA-4 blockade. Science 1996, 271, 1734–1736. [Google Scholar] [CrossRef] [PubMed]

	



Tray, N.; Weber, J.S.; Adams, S. Predictive biomarkers for checkpoint immunotherapy: Current status and challenges for clinical application. Cancer Immunol. Res. 2018, 6, 1122–1128. [Google Scholar] [CrossRef] [PubMed]

	



Nishino, M.; Ramaiya, N.H.; Hatabu, H.; Hodi, F.S. Monitoring immune-checkpoint blockade: Response evaluation and biomarker development. Nat. Rev. Clin. Oncol. 2017, 14, 655. [Google Scholar] [CrossRef] [PubMed]

	



Newick, K.; O’Brien, S.; Moon, E.; Albelda, S.M. CAR T cell therapy for solid tumors. Annu. Rev. Med. 2017, 68, 139–152. [Google Scholar] [CrossRef] [PubMed]

	



Restifo, N.P.; Dudley, M.E.; Rosenberg, S.A. Adoptive immunotherapy for cancer: Harnessing the T cell response. Nat. Rev. Immunol. 2012, 12, 269–281. [Google Scholar] [CrossRef] [PubMed]

	



O’Neill, D.W.; Adams, S.; Bhardwaj, N. Manipulating dendritic cell biology for the active immunotherapy of cancer. Blood 2004, 104, 2235–2246. [Google Scholar] [CrossRef]

	



Camidge, D.R.; Doebele, R.C.; Kerr, K.M. Comparing and contrasting predictive biomarkers for immunotherapy and targeted therapy of NSCLC. Nat. Rev. Clin. Oncol. 2019, 16, 341–355. [Google Scholar] [CrossRef] [PubMed]

	



Taube, J.M.; Klein, A.; Brahmer, J.R.; Xu, H.; Pan, X.; Kim, J.H.; Chen, L.; Pardoll, D.M.; Topalian, S.L.; Anders, R.A. Association of PD-1, PD-1 ligands, and other features of the tumor immune microenvironment with response to anti–PD-1 therapy. Clin. Cancer Res. 2014, 20, 5064–5074. [Google Scholar] [CrossRef] [PubMed]

	



Teng, M.W.; Ngiow, S.F.; Ribas, A.; Smyth, M.J. Classifying cancers based on T-cell infiltration and PD-L1. Cancer Res. 2015, 75, 2139–2145. [Google Scholar] [CrossRef] [PubMed]

	



McLaughlin, J.; Han, G.; Schalper, K.A.; Carvajal-Hausdorf, D.; Pelekanou, V.; Rehman, J.; Velcheti, V.; Herbst, R.; LoRusso, P.; Rimm, D.L. Quantitative assessment of the heterogeneity of PD-L1 expression in non–small-cell lung cancer. JAMA Oncol. 2016, 2, 46–54. [Google Scholar] [CrossRef] [PubMed]

	



Rizvi, N.A.; Hellmann, M.D.; Snyder, A.; Kvistborg, P.; Makarov, V.; Havel, J.J.; Lee, W.; Yuan, J.; Wong, P.; Ho, T.S. Mutational landscape determines sensitivity to PD-1 blockade in non–small cell lung cancer. Science 2015, 348, 124–128. [Google Scholar] [CrossRef] [PubMed]

	



Weber, J.S.; Sznol, M.; Sullivan, R.J.; Blackmon, S.; Boland, G.; Kluger, H.M.; Halaban, R.; Bacchiocchi, A.; Ascierto, P.A.; Capone, M. A Serum protein signature associated with outcome after anti–PD-1 therapy in metastatic melanoma. Cancer Immunol. Res. 2018, 6, 79–86. [Google Scholar] [CrossRef] [PubMed]

	



Esfahani, K.; Elkrief, A.; Calabrese, C.; Lapointe, R.; Hudson, M.; Routy, B.; Miller, W.H.; Calabrese, L. Moving towards personalized treatments of immune-related adverse events. Nat. Rev. Clin. Oncol. 2020, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, P.; Allison, J.P. The future of immune checkpoint therapy. Science 2015, 348, 56–61. [Google Scholar] [CrossRef] [PubMed]

	



Kruger, S.; Ilmer, M.; Kobold, S.; Cadilha, B.L.; Endres, S.; Ormanns, S.; Schuebbe, G.; Renz, B.W.; D’Haese, J.G.; Schloesser, H. Advances in cancer immunotherapy 2019–latest trends. J. Exp. Clin. Cancer Res. 2019, 38, 268. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Koo, K.M.; Wang, Y.; Trau, M. Engineering state-of-the-art plasmonic nanomaterials for SERS-based clinical liquid biopsy applications. Adv. Sci. 2019, 6, 1900730. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, A.; Ghosh, A.; Barui, A. Advances in surface-enhanced Raman spectroscopy for cancer diagnosis and staging. J. Raman Spectrosc. 2020, 51, 7–36. [Google Scholar] [CrossRef]

	



Zhang, Y.; Mi, X.; Tan, X.; Xiang, R. Recent progress on liquid biopsy analysis using surface-enhanced Raman spectroscopy. Theranostics 2019, 9, 491. [Google Scholar] [CrossRef] [PubMed]

	



Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R.A.; Auguié, B.; Baumberg, J.J.; Bazan, G.C.; Bell, S.E.; Boisen, A.; Brolo, A.G. Present and future of surface-enhanced Raman scattering. ACS Nano 2019. [Google Scholar] [CrossRef] [PubMed]

	



Koo, K.M.; Wee, E.J.; Mainwaring, P.N.; Wang, Y.; Trau, M. Toward precision medicine: A cancer molecular subtyping nano-strategy for RNA biomarkers in tumor and urine. Small 2016, 12, 6233–6242. [Google Scholar] [CrossRef] [PubMed]

	



Xu, L.; Yan, W.; Ma, W.; Kuang, H.; Wu, X.; Liu, L.; Zhao, Y.; Wang, L.; Xu, C. SERS encoded silver pyramids for attomolar detection of multiplexed disease biomarkers. Adv. Mater. 2015, 27, 1706–1711. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, Q.; Lim, C.Y.; Ren, J.; Zhou, J.; Pu, K.; Chan-Park, M.B.; Mao, H.; Lam, Y.C.; Duan, H. Magnetic nanochain integrated microfluidic biochips. Nat. Commun. 2018, 9, 1–11. [Google Scholar]

	



Zeng, Y.; Koo, K.M.; Trau, M.; Shen, A.-G.; Hu, J.-M. Watching SERS glow for multiplex biomolecular analysis in the clinic: A review. Appl. Mater. Today 2019, 15, 431–444. [Google Scholar] [CrossRef]

	



Koo, K.M.; Wee, E.J.; Wang, Y.; Trau, M. Enabling miniaturised personalised diagnostics: From lab-on-a-chip to lab-in-a-drop. Lab Chip 2017, 17, 3200–3220. [Google Scholar] [CrossRef] [PubMed]

	



Lane, L.A.; Qian, X.; Nie, S. SERS nanoparticles in medicine: From label-free detection to spectroscopic tagging. Chem. Rev. 2015, 115, 10489–10529. [Google Scholar] [CrossRef] [PubMed]

	



Guerrini, L.; Pazos-Perez, N.; Garcia-Rico, E.; Alvarez-Puebla, R. Cancer characterization and diagnosis with SERS-encoded particles. Cancer Nanotechnol. 2017, 8, 5. [Google Scholar] [CrossRef]

	



Cialla-May, D.; Zheng, X.-S.; Weber, K.; Popp, J. Recent progress in surface-enhanced Raman spectroscopy for biological and biomedical applications: From cells to clinics. Chem. Soc. Rev. 2017, 46, 3945–3961. [Google Scholar] [CrossRef] [PubMed]

	



Shindo, Y.; Hazama, S.; Tsunedomi, R.; Suzuki, N.; Nagano, H. Novel biomarkers for personalized cancer immunotherapy. Cancers 2019, 11, 1223. [Google Scholar] [CrossRef] [PubMed]

	



Lemery, S.; Keegan, P.; Pazdur, R. First FDA approval agnostic of cancer site—When a biomarker defines the indication. N. Engl. J. Med. 2017, 377, 1409–1412. [Google Scholar] [CrossRef] [PubMed]

	



Weide, B.; Martens, A.; Hassel, J.C.; Berking, C.; Postow, M.A.; Bisschop, K.; Simeone, E.; Mangana, J.; Schilling, B.; Di Giacomo, A.M. Baseline biomarkers for outcome of melanoma patients treated with pembrolizumab. Clin. Cancer Res. 2016, 22, 5487–5496. [Google Scholar] [CrossRef] [PubMed]

	



Stepula, E.; König, M.; Wang, X.P.; Levermann, J.; Schimming, T.; Kasimir-Bauer, S.; Schilling, B.; Schlücker, S. Localization of PD-L1 on single cancer cells by iSERS microscopy with Au/Au core/satellite nanoparticles. J. Biophotonics 2020, 13, e201960034. [Google Scholar] [CrossRef] [PubMed]

	



Shachaf, C.M.; Elchuri, S.V.; Koh, A.L.; Zhu, J.; Nguyen, L.N.; Mitchell, D.J.; Zhang, J.; Swartz, K.B.; Sun, L.; Chan, S. A novel method for detection of phosphorylation in single cells by surface enhanced Raman scattering (SERS) using composite organic-inorganic nanoparticles (COINs). PLoS ONE 2009, 4, e5206. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Lu, X.; Tang, P.; Zhang, D.; Tian, J.; Zhong, L. Gold nanoparticle (AuNP)-based surface-enhanced Raman scattering (SERS) probe of leukemic lymphocytes. Plasmonics 2016, 11, 1361–1368. [Google Scholar] [CrossRef]

	



Li, J.; Wang, J.; Grewal, Y.S.; Howard, C.B.; Raftery, L.J.; Mahler, S.; Wang, Y.; Trau, M. Multiplexed SERS detection of soluble cancer protein biomarkers with gold–silver alloy nanoboxes and nanoyeast single-chain variable fragments. Anal. Chem. 2018, 90, 10377–10384. [Google Scholar] [CrossRef]

	



Reza, K.K.; Sina, A.A.I.; Wuethrich, A.; Grewal, Y.S.; Howard, C.B.; Korbie, D.; Trau, M. A SERS microfluidic platform for targeting multiple soluble immune checkpoints. Biosens. Bioelectron. 2019, 126, 178–186. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Tang, L.-J.; Jiang, J.-H. Surface-enhanced Raman spectroscopy-based, homogeneous, multiplexed immunoassay with antibody-fragments-decorated gold nanoparticles. Anal. Chem. 2013, 85, 9213–9220. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.-Y.; Li, W.; Gong, Z.; Sun, P.-R.; Zhou, T.; Cao, X.-W. Detection of IL-8 in human serum using surface-enhanced Raman scattering coupled with highly-branched gold nanoparticles and gold nanocages. New J. Chem. 2019, 43, 1733–1742. [Google Scholar] [CrossRef]

	



Li, D.; Jiang, L.; Piper, J.A.; Maksymov, I.S.; Greentree, A.D.; Wang, E.; Wang, Y. Sensitive and multiplexed sers nanotags for the detection of cytokines secreted by lymphoma. ACS Sens. 2019, 4, 2507–2514. [Google Scholar] [CrossRef] [PubMed]

	



Dey, S.; Vaidyanathan, R.; Reza, K.K.; Wang, J.; Wang, Y.; Nel, H.J.; Law, S.-C.; Tyler, J.; Rossjohn, J.; Reid, H.H. A microfluidic-SERSplatform for isolation and immuno-phenotyping of antigen specific T-cells. Sens. Actuators B Chem. 2019, 284, 281–288. [Google Scholar] [CrossRef]

	



Gerwing, M.; Herrmann, K.; Helfen, A.; Schliemann, C.; Berdel, W.E.; Eisenblätter, M.; Wildgruber, M. The beginning of the end for conventional RECIST—Novel therapies require novel imaging approaches. Nat. Rev. Clin. Oncol. 2019, 16, 442–458. [Google Scholar] [CrossRef] [PubMed]

	



Kircher, M.F.; Gambhir, S.S.; Grimm, J. Noninvasive cell-tracking methods. Nat. Rev. Clin. Oncol. 2011, 8, 677. [Google Scholar] [CrossRef] [PubMed]

	



Andreou, C.; Kishore, S.A.; Kircher, M.F. Surface-enhanced Raman spectroscopy: A new modality for cancer imaging. J. Nucl. Med. 2015, 56, 1295–1299. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Wu, J.; Ma, M.; Feng, Z.; Mi, Z.; Rong, P.; Liu, D. Alkyne-and nitrile-anchored gold nanoparticles for multiplex sers imaging of biomarkers in cancer cells and tissues. Nanotheranostics 2019, 3, 113. [Google Scholar] [CrossRef] [PubMed]

	



Reder, N.P.; Kang, S.; Glaser, A.K.; Yang, Q.; Wall, M.A.; Javid, S.H.; Dintzis, S.M.; Liu, J.T. Raman-encoded molecular imaging with topically applied SERS nanoparticles for intraoperative guidance of lumpectomy. Cancer Res. 2017, 77, 4506–4516. [Google Scholar]

	



Ly, N.H.; Joo, S.-W. Recent advances in cancer bioimaging using a rationally designed Raman reporter in combination with plasmonic gold. J. Mater. Chem. B 2020, 8, 186–198. [Google Scholar] [CrossRef] [PubMed]

	



Ou, Y.-C.; Wen, X.; Bardhan, R. Cancer immunoimaging with smart nanoparticles. Trends Biotechnol. 2019, 38, 388–403. [Google Scholar] [CrossRef] [PubMed]

	



Blanco-Formoso, M.; Alvarez-Puebla, R.A. Cancer diagnosis through SERS and other related techniques. Int. J. Mol. Sci. 2020, 21, 2253. [Google Scholar] [CrossRef] [PubMed]

	



Guerrini, L.; Alvarez-Puebla, R.A. Surface-enhanced Raman spectroscopy in cancer diagnosis, prognosis and monitoring. Cancers 2019, 11, 748. [Google Scholar] [CrossRef] [PubMed]

	



Kang, S.; Wang, Y.; Reder, N.P.; Liu, J.T. Multiplexed molecular imaging of biomarker-targeted SERS nanoparticles on fresh tissue specimens with channel-compressed spectrometry. PLoS ONE 2016, 11, e0163473. [Google Scholar] [CrossRef] [PubMed]

	



Feng, E.; Zheng, T.; He, X.; Chen, J.; Tian, Y. A novel ternary heterostructure with dramatic SERS activity for evaluation of PD-L1 expression at the single-cell level. Sci. Adv. 2018, 4, eaau3494. [Google Scholar] [CrossRef] [PubMed]

	



Webb, J.A.; Ou, Y.-C.; Faley, S.; Paul, E.P.; Hittinger, J.P.; Cutright, C.C.; Lin, E.C.; Bellan, L.M.; Bardhan, R. Theranostic gold nanoantennas for simultaneous multiplexed Raman imaging of immunomarkers and photothermal therapy. ACS Omega 2017, 2, 3583–3594. [Google Scholar] [CrossRef] [PubMed]

	



Ou, Y.-C.; Webb, J.A.; O’Brien, C.M.; Pence, I.J.; Lin, E.C.; Paul, E.P.; Cole, D.; Ou, S.-H.; Lapierre-Landry, M.; DeLapp, R.C. Diagnosis of immunomarkers in vivo via multiplexed surface enhanced Raman spectroscopy with gold nanostars. Nanoscale 2018, 10, 13092–13105. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Li, Y.; Chen, J.; Zhu, S.; Liu, X.; Zhou, L.; Shi, P.; Niu, D.; Gu, J.; Shi, J. Multifunctional gold nanostar-based nanocomposite: Synthesis and application for noninvasive MR-SERS imaging-guided photothermal ablation. Biomaterials 2015, 60, 31–41. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Y.; Zheng, X.-S.; Ren, B.; Wang, R.; Zhang, J.; Xia, N.-S.; Tian, Z.-Q. Au@ organosilica multifunctional nanoparticles for the multimodal imaging. Chem. Sci. 2011, 2, 1463–1469. [Google Scholar] [CrossRef]

	



Henry, A.-I.; Sharma, B.; Cardinal, M.F.; Kurouski, D.; Van Duyne, R.P. Surface-enhanced Raman spectroscopy biosensing: In vivo diagnostics and multimodal imaging. Anal. Chem. 2016, 88, 6638–6647. [Google Scholar] [CrossRef] [PubMed]

	



Ou, Y.-C.; Wen, X.; Johnson, C.A.; Shae, D.; Ayala, O.D.; Webb, J.A.; Lin, E.C.; DeLapp, R.C.; Boyd, K.L.; Richmond, A. Multimodal multiplexed immunoimaging with nanostars to detect multiple immunomarkers and monitor response to immunotherapies. ACS Nano 2020, 14, 651–663. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wei, Q.; Ma, F.; Li, X.; Liu, F.; Zhou, M. Surface-enhanced Raman nanoparticles for tumor theranostics applications. Acta Pharm. Sin. B 2018, 8, 349–359. [Google Scholar] [CrossRef] [PubMed]

	



Vo-Dinh, T.; Liu, Y.; Crawford, B.M.; Wang, H.-N.; Yuan, H.; Register, J.K.; Khoury, C.G. Shining gold nanostars: From cancer diagnostics to photothermal treatment and immunotherapy. J. Immunol. Sci. 2018, 2, 1–8. [Google Scholar] [CrossRef]

	



Chen, S.; Bao, C.; Zhang, C.; Yang, Y.; Wang, K.; Chikkaveeraiah, B.V.; Wang, Z.; Huang, X.; Pan, F.; Wang, K. EGFR antibody conjugated bimetallic Au@ Ag nanorods for enhanced SERS-based tumor boundary identification, targeted photoacoustic imaging and photothermal therapy. Nano Biomed. Eng. 2016, 8, 315–328. [Google Scholar] [CrossRef]

	



Conde, J.; Bao, C.; Cui, D.; Baptista, P.V.; Tian, F. Antibody–drug gold nanoantennas with Raman spectroscopic fingerprints for in vivo tumour theranostics. J. Control Release 2014, 183, 87–93. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Pineiro, R.; Correa-Duarte, M.A.; Salgueirino, V.; Alvarez-Puebla, R.A. SERS assisted ultra-fast peptidic screening: A new tool for drug discovery. Nanoscale 2012, 4, 113–116. [Google Scholar] [CrossRef] [PubMed]

	



Wu, L.; Wang, Z.; Zhang, Y.; Fei, J.; Chen, H.; Zong, S.; Cui, Y. In situ probing of cell–cell communications with surface-enhanced Raman scattering (SERS) nanoprobes and microfluidic networks for screening of immunotherapeutic drugs. Nano Res. 2017, 10, 584–594. [Google Scholar] [CrossRef]

	



Yao, Q.; Cao, F.; Lang, M.; Feng, C.; Meng, X.; Zhang, Y.; Zhao, Y.; Wang, X.-H. Rituxan nanoconjugation prolongs drug/cell interaction and enables simultaneous depletion and enhanced Raman detection of lymphoma cells. J. Mater. Chem. B 2017, 5, 5165–5175. [Google Scholar] [CrossRef] [PubMed]

	



Guerrini, L.; Alvarez-Puebla, R.A.; Pazos-Perez, N. Surface modifications of nanoparticles for stability in biological fluids. Materials 2018, 11, 1154. [Google Scholar] [CrossRef] [PubMed]

	



Johnston, B.D.; Kreyling, W.G.; Pfeiffer, C.; Schäffler, M.; Sarioglu, H.; Ristig, S.; Hirn, S.; Haberl, N.; Thalhammer, S.; Hauck, S.M. Colloidal stability and surface chemistry are key factors for the composition of the protein corona of inorganic gold nanoparticles. Adv. Funct. Mater. 2017, 27, 1701956. [Google Scholar] [CrossRef]

	



Koo, K.M.; Mainwaring, P.N.; Tomlins, S.A.; Trau, M. Merging new-age biomarkers and nanodiagnostics for precision prostate cancer management. Nat. Rev. Urol. 2019, 16, 302–317. [Google Scholar] [CrossRef] [PubMed]

	



Koo, K.M.; Wang, J.; Richards, R.S.; Farrell, A.; Yaxley, J.W.; Samaratunga, H.; Teloken, P.E.; Roberts, M.J.; Coughlin, G.D.; Lavin, M.F. Design and clinical verification of surface-enhanced Raman spectroscopy diagnostic technology for individual cancer risk prediction. ACS Nano 2018, 12, 8362–8371. [Google Scholar] [CrossRef] [PubMed]

	



Hofman, P.; Heeke, S.; Alix-Panabières, C.; Pantel, K. Liquid biopsy in the era of immuno-oncology: Is it ready for prime-time use for cancer patients? Ann. Oncol. 2019, 30, 1448–1459. [Google Scholar] [CrossRef] [PubMed]

	



Cabel, L.; Proudhon, C.; Romano, E.; Girard, N.; Lantz, O.; Stern, M.-H.; Pierga, J.-Y.; Bidard, F.-C. Clinical potential of circulating tumour DNA in patients receiving anticancer immunotherapy. Nat. Rev. Clin. Oncol. 2018, 15, 639–650. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Wuethrich, A.; Dey, S.; Lane, R.E.; Sina, A.A.; Wang, J.; Wang, Y.; Puttick, S.; Koo, K.M.; Trau, M. The growing impact of micro/nanomaterial-based systems in precision oncology: Translating “multiomics” technologies. Adv. Funct. Mater. 2020, 30, 1909306. [Google Scholar] [CrossRef]








[image: Nanomaterials 10 01145 g001 550] 





Figure 1. The biological cellular and molecular interactions within the complex tumor microenvironment. Solid tumor cells interact with a variety of cells and molecules, including lymphocytes, cytokines, chemokines, dendritic cells, and T cells, among others. The cells and molecules which create this tumor microenvironment can serve as excellent immunomarkers for various cancer immunotherapy applications. Reproduced from [7], with permission from the American Association for Cancer Research, 2012. 
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Figure 2. (A) Target-controlled assembly-based surface-enhanced Raman spectroscopy (TCA-SERS) immunoassay for multiplexed analysis of protein biomarkers. Reproduced from [50], with permission from the American Chemical Society, 2013. (B) SERS immunoassay for multiplexed detection of cytokines secretion. (1) Magnetic bead functionalization with capture antibody, (2) detection antibody immobilization on SERS nanotags comprising of tunable Raman reporters residing between gold cores and silver shells, and (3) schematic representation of the immunoassay. Reproduced from [52], with permission from the American Chemical Society, 2019. (C) An integrated SERS-microfluidic platform for antigen specific T-cell isolation and SERS mapping of T cell receptor expressions. Reproduced with permission from [53], with permission from Elsevier, 2019. 
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Figure 3. (A) Synthesis and enhancement mechanism of magnetic Fe3O4@GO@TiO2 ternary heterostructures (Left). Raman mapping images of cancer cells after different concentrations of drug treatment after 48 h (Right). Reproduced from [64], with permission from the American Association for the Advancement of Science, 2018. (B) Gold nanostars (AuNS) functionalized with Raman reporter molecules and antibodies for the detection of EGFR and PD-L1 (Top). Ex vivo Raman spatial maps and corresponding Raman spectra of the PD-L1 and EGFR expression using tumor tissue section (Bottom). Reproduced from [66], with permission from the Royal Society of Chemistry, 2018. (C) Immunoactive AuNS (IGNs) functionalized with Raman reporter molecules and anitbodies for multimodal multiplexed immunoPET-SERS imaging to detect PD-L1+ tumor cells and CD8+ T cells in tumors. Reproduced from [70], with permission from the American Chemical Society, 2020. (D) Au/Au core/satellite nanoparticles for immune-SERS (iSERS) microscopy of PD-L1 localization on cancer cells (Left). Fluorescence image, iSERS false-color image, and corresponding SERS spectrum (Right). Reproduced from [45], with permission from Wiley-VCH, 2020. 
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Figure 4. (A) Quantitative and multiplexed screening of immunosuppressive proteins (TGF-β1, PGE2, and IL-10) by a combination of SERS nanoprobes with microfluidic networks. Reproduced from [76], with permission from Springer, 2017. (B) Enhanced capping mechanism of CD20 molecules by nanoconjugation of Rituxan to SERS-active silver nanoparticles (Left). Rituxan nanoconjugates induce more apoptosis and necrosis in lymphoma cells than unconjugated Rituxan (Right). Reproduced from [77], with permission from the Royal Society of Chemistry, 2017. 
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Figure 5. (A) Approaches for the stabilization of SERS-active nanomaterials in biofluids using functionalization of various surface ligands. Reproduced from [78], with permission from MDPI, 2018. (B) Clinical validation blueprint for the translation of SERS nanomaterials using a proven biomarker panel and independent training and validation patient sample cohorts. Reproduced from [81], with permission from the American Chemical Society, 2018. (C) The expansion of SERS-active nanomaterial usage for an entire repertoire of molecular immunomarker species (cells, DNA, RNA, proteins, etc.) in the tumor microenvironment. Reproduced from [16], with permission from the American Association for Cancer Research, 2018. 
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