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Non-invasive, label-free hyperspectral imaging technologies are powerful tools that can provide critical insights into the spatiotemporal dynamics of evolving systems. They are already integrated into autonomous adaptive surveillance workflows for precision agriculture, remote sensing, environmental monitoring, and food analysis. However, these technologies are not yet routinely used in medicine. With these technologies applied to the biomedical sciences, we anticipate landmark advances in the physicochemical behavioral refinement of high signal-to-noise probes and in the rapid screening of patient exosome populations. To implement label-free spatiochemical imaging techniques while meeting the practical needs of clinicians, technology, workflow design and development must be tailored to the specific medical field while considering existing visualization modalities. This perspective merges basic, translational, and clinical views of label-free, non-invasive hyperspectral imaging. We explore its potential role in positively impacting cancer-related precision medicine and early diagnostics to support clinically implemented point-of-care technologies.

KEYWORDS
hyperspectral imaging (HSI), precision medicine, early diagnostics, contrast agents (CAs), label-free, infrared spectromicroscopy, cancer


1. Introduction

Spatiochemical comprehension of biological systems is important for early diagnostics and precision medicine in oncology (Li et al., 2021), especially since these systems are dynamic (Biswas and Drivers, 2021) while being chemically and structurally complex. Throughout the early 2000s, synchrotron-based FTIR spectromicroscopy was shown to be non-invasive and non-destructive (Martin et al., 2001), even when observing living biological systems (Holman et al., 2010) in real-time over the course of multiple days (Loutherback et al., 2015). Research performed as early as 2003 showed the potential of FTIR spectromicroscopy's use in biomedical applications (Holman et al., 2003). By 2016, FTIR spectromicroscopy's application to cancer research had progressed to the level of identifying spectroscopic biomarker regions relating to identification and characterization of cancer drug resistance (Junhom et al., 2016) and cancer cell reactivity to potentially therapeutic agents (Al-Jorani et al., 2018). As new advancements in quantum cascade laser (Razeghi et al., 2015), optics (Prater et al., 2023), detector (Verma et al., 2021), and software technologies (Toplak et al., 2017; Holman et al., 2020) are commercially implemented, FTIR spectromicroscopy with acceptable spatiochemical resolution and computationally efficient autonomous adaptive data acquisition (Holman et al., 2020, 2023) will become more accessible to the general biomedical science community (Großerueschkamp and Gerwert, 2020).

In this perspective, we select colorectal cancer as our specific medical field of conversation for two reasons. Firstly, it has one of the highest cancer incidence and cancer-related mortality rates (Bray et al., 2018; Siegel et al., 2023); hence, there is an unmet clinical need for precision medicine and early diagnostics. Secondly, colorectal cancer screening, treatment, and surveillance involve endoscopic technologies that have progressed rapidly in the past decade to incorporate multimodal real-time imaging; this implies that the endoscopic hardware is at a point where the imaging technology can benefit from advances in supportive fields such as probe design and performance optimization. By developing these supportive fields, we can improve the quality of patient care using existing imaging technologies. Herein, we will discuss near-future applications of non-invasive, label-free hyperspectral imaging for translational research in probe characterization and development as well as early diagnostics via exosome screening. It is important to note that our near-future applications were chosen for their conserved generalizability and modularity to the overall cancer management framework, despite our decision to narrow the medical field scope for succinct discussion.



2. Biomedical research applications for exploratory characterization of imaging probes

Over the past two decades, endoscopic technologies for gastrointestinal diagnostic and therapeutic procedures (Figures 1A, B) (Yim et al., 2020) have improved drastically to present clinicians with a functional variety of endoscopes ranging from multimodal (Lombardini et al., 2018), smart (Schembre, 2004; Zhou et al., 2017; Erendgenova et al., 2018), intraoperative optical guidance (Mieog et al., 2010; Boni et al., 2015; Garai et al., 2015), and wireless (Iddan et al., 2000) capabilities. However, a key challenge to improving the clinical performance of multimodal intraoperative guidance systems emerges from the need to understand the underlying mechanisms behind the physicochemical behavior of the used medical imaging contrast agents. A major reason for incomplete removal of cancerous tissue in potentially resectable lesions stems from difficulties in completely identifying tumor-positive margins during surgery (Macdonald, 1999). Although many factors contribute to inaccurate identification of lesions, there exists a conserved difficulty when using contrast agents due to the altered mucosal appearance. Specifically, clinical and experimental visualization modalities such as standard white light endoscopy and near-infrared imaging have difficulty in accurately differentiating between tumor and inflammatory colonic tissue (Holt et al., 2014; Feuerstein et al., 2019). Further studies and characterization of existing contrast agents are necessary in order to reduce the persistent background retention (PBR) of the imaging probes which potentially are related to non-specific probe binding, non-specific cellular uptake of the probe, inadequate probe clearance from non-target tissue, and non-target tissue metabolic rates (Frangioni, 2008). By increasing our mechanistic understanding of probe-tissue interactions that drive an imaging probe's PBR, we believe that the research community can not only improve and optimize probe chemistry for the specific target system of interest but also obtain better comprehension of the diverse, heterogenous tumor microenvironments and their physicochemical relationship to contrast agent performance.
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FIGURE 1
 Multimodal endoscopic technologies for cancer surveillance. (A, B) Reproduced with permission from Yim et al. (2020). Copyright 2020 National Academy of Sciences. (A) Schematic of a near-infrared fluorescence endoscope with white-light capabilities that is used in the clinic. (B) Conceptual image illustrating how a fluorescent dye can be used by multimodal image-guidance systems in clinic to identify cancerous lesions, with these results being overlayed onto a white-light image. (C) Reproduced with permission from Tummers et al. (2017). Copyright 2017 Authors licensed under a Creative Commons Attribution (CC BY) License. The visualization of advantages made possible by using image probe multiplexing. Nuclei of normal and tumor-positive tissue are overlayed with results from simultaneous immunofluorescent staining of αvβ6 and CEACAM5 on the same sample. The image overlay highlights the value of using multiple biomarkers to accurately identify total tumor volumes.


Tummers et al. (2017) emphasized and visually characterized the differential physicochemical behavior of cancer-specific diagnostic agents that exhibited differential physicochemical behavior across a tumor. As shown in Figure 1C (Tummers et al., 2017), the tumor tissue retention of two imaging probes together are able to completely identify the full tumor volume with its true tumor-positive margins whereas one alone is insufficient. These results suggest that accurate and comprehensive identification of tumor-positive tissue by image-guided systems in the clinic can be achieved through the combined use of multiple imaging probes, which can be performed either simultaneously or sequentially as needed. Although imaging probe, panel-based approaches relevant to clinical implementation are discussed later, we foresee the need of non-invasive, label-free imaging and chemometrics to characterize each probe's behavior in varying tumor microenvironments. We believe that this can be achieved by hyperspectral imaging modalities that provide spatially resolved, physicochemical characterization. By being able to describe the spatiochemical microenvironments that lead to clinically acceptable signal-to-background (SBR) levels to image-guided systems, we can:

(1) Identify which probes should be used in tandem in order to confidently label tumor-positive tissue as well as its margins and

(2) Begin to study and design probes for tumor microenvironments that do not have an acceptable SBR in clinical practice.

Our proposed approach that utilizes non-invasive label-free hyperspectral imaging is inspired by FTIR spectromicroscopy approaches that have been used for decades in the space and geological sciences (Ventura, 2015). Similar to endoscopic practices relating to early colorectal cancer diagnostics (Davnall et al., 2012), these fields characterize the physical aspect of their geological samples with metrics that assess the physical structure of the material, such as the level of structural order, pore density, and metrics describing pore shape (Selvadurai and Suvorov, 2020). These metrics together aid in elucidating the relationship between a material's microstructure and its poroelasticity; in the medical context, this would correspond to the tumor matrix's microstructure and how the fluid-saturated porous microstructure can influence the flow of fluids through, within, and eternal to the tumor.

We propose to combine non-invasive, non-destructive and label-free hyperspectral imaging approaches such as FTIR spectromicroscopy with already existing analytical techniques for assessing physical structure to chemical function correlations. This experimental workflow would use hyperspectral imaging upstream of the more destructive X-ray based techniques (Gianoncelli et al., 2015; Petruzzellis et al., 2018) to assess the same sample for spatiochemical information and high-resolution physical microstructural data. Since these datasets are obtained from the same sample with maintained sample integrity for their relevant imaging methods, they are directly comparable to one another. We believe that elucidating these relationships through experimental design and careful execution can lead to a better understanding of how microstructure-driven compartmentalized chemistries could affect dynamic intratumor phenotypic heterogeneity and its phenotypic plasticity (Biswas and Drivers, 2021).

By performing physicochemical probe-based ex vivo studies on tumor-positive colonic tissue and contrasting its spatiochemically-defined tissue architecture to normal colonic tissue, we can begin to construct the necessary foundation of knowledge that can link genetic (Hoorn et al., 2022) and non-genetic characterizations of cancers through the spatiochemical domain of function-based physicochemical microstructures and their subsequent functional effect on probe performance. As an example, non-targeted probes such as indocyanine green (ICG) (Fox, 1960) or indigo carmine dye (Kudo et al., 1997) have been used predominantly in molecular surgery and endoscopy prior to the emergence of targeted probes (Stibbe et al., 2022). However, ICG has been shown in intraoperative fluorescence-based studies to have variable levels of success depending upon its cancer application (Schmidt et al., 2017). Some clinical trials highlight a lack of significant difference in tumor-to-background (TBR) ratios between malignant (TBR = 2.0) and benign lesions (TBR = 2.0) in their specific cancer type (Tummers et al., 2015). This suggests at least two alternative approaches to address the TBR challenge. First, one can use target-specific contrast agents such as enzyme-based probes (Ofori et al., 2015; Fernandez et al., 2019; Widen et al., 2021; Liang et al., 2022) and design the molecular targets with a specific tumor region in mind (leading edge vs. the tumor core). Second, one can design non-specific environmental probes (Walke et al., 2023) that follow spatiochemical AND-gate logic when used in combination with other non-specific probes such as ICG—phrased alternatively, if these two microstructure-based spatial chemistries (e.g. acidity) exist in proximity to one another, we are relatively confident in classifying the labeled tissue as tumor-positive. These spatial relationships to compartmentalized tumor chemistries and their local microbial and chemical environments can be characterized by FTIR spectromicroscopy, an analytical technique that already has been used to study microbial chemistries (Holman, 2010) and to characterize the relationships between mineral, organic, and fluid phases in porous geologic materials (Pisapia et al., 2018).

The emergence and subsequent growth of this knowledge domain will increase our scientific and clinical understanding of the relationships between tumor microstructure, its microenvironments (Walke et al., 2023), and its effect on diagnostic and therapeutic agents. These relationships also can aid the deconvolution of multilevel genetic and non-genetic tumor heterogeneity information (Biswas and Drivers, 2021), which can build toward eventual in vivo dynamic combinatorial labeling for intraoperative probe-based fluorescence endoscopy (Vandebriel et al., 2023). We believe that advances in these areas will lead to the potential identification of novel and practical avenues of diagnostic and therapeutic practices in precision medicine for cancer management.



3. Practical considerations for clinical implementation

Surgical or endoscopic resection and identification of target lesions is solely dependent on the experience of the performing physician. Visual alterations such as different tissue textures and consistencies are used to identify the tumor margins and biopsy locations are then selected based on the endoscopist's domain knowledge (Harmsen et al., 2017; Hernot et al., 2019; Stibbe et al., 2022). Long-term outcomes depend on accuracy of resection; unfortunately, residual positive cancerous margins appear in up to 70% of the cases (Hernot et al., 2019). More complex procedures such as endoscopic submucosal dissection can assist with the piece-meal resection of polyps that otherwise show a high recurrence rate; however, medical specialists are required for these treatments (Jacques et al., 2022). Thus, medical innovation in readily available imaging agents and technologies is desperately needed to enhance the contrast between normal and tumor-positive tissue to assist the clinician during image-guided medical procedures. Currently, there are very few fluorescent dyes that allow for optical surgical navigation and are fully FDA-approved (Harmsen et al., 2017; Hernot et al., 2019; Stibbe et al., 2022). Of these available FDA-approved agents, all are classified as non-targeted imaging probes. Finding new cancer-specific microenvironments and molecules to target is crucial in visualizing the entire tumor—with an ideal visualization to completeness including not only the tumor-positive tissue but also the dormant malignant and precancerous cells in the periphery (Harmsen et al., 2017; Tummers et al., 2017). However, new agents and technologies face significant hurdles when designing and implementing these findings into a clinical workflow. In addition, this opens a large opportunity to omics-technologies to identify new markers or characteristics inside tissue (Mayer et al., 2023).

The physicochemical properties of an agent, its route of administration, and its feasibility for procedural use must always be considered (Stibbe et al., 2022). Topical applications reduce risk of systemic reactions but can only be applied during the medical procedure and may have insufficient tissue penetration within a clinically relevant timeframe. Intravenous applications allow for good penetration depth but increases the risk of systemic reaction and toxicity. Furthermore, its administration typically requires the patient to be present at the facility well in advance of the procedure (Stibbe et al., 2022). In addition, procedure-relevant hardware must physically fit in a crowded clinical workspace, be safe to use, sterilizable, and cost-effective for medical insurance reimbursement. The new technology can neither increase procedural time nor require extensive training for integration into the clinical workflow (Harmsen et al., 2017). Moreover, the system must be compatible and optimized for the imaging agent's properties and for tissue autofluorescence. These requirements lead to only a handful systems that are currently used in experimental clinical settings (Harmsen et al., 2017). In summary, the agent and hardware must successfully integrate chemistry, hardware, and software as well as address medical needs without interrupting the clinical workflow (Harmsen et al., 2017).



4. Hyperspectral imaging for early diagnostics: routine screening of exosomes

The early detection of cancer is critical for improving treatment outcomes and patient survival (Schiffman et al., 2022). However, achieving early detection can be difficult, especially when cancer diagnosis requires an invasive procedure as with colonoscopies for colorectal cancer. Even when the diagnostic procedure is performed, early manifestations of cancer such as flat pre-cancerous dysplastic lesions may be difficult to differentiate from normal colonic tissue (Kaltenbach et al., 2008). Consequently, there is tremendous interest in generating personalized health and disease profiles through a patient's regular submission of liquid biopsies such as saliva and blood.

Exosomes are extracellular vesicles that are released by most cell types and found in all body fluids (Yáñez et al., 2015). Importantly, exosomes produced by cancer cells are chemically and biologically distinct from those produced by normal tissue (De Toro et al., 2015). Therefore, the routine screening of exosomes from liquid biopsies is a promising solution since exosomes serve as membrane-enclosed information capsules that are representative of their cells of origin. However, these samples in practice are highly complex. Exosomes that contribute to a patient's background populations may be derived from cells existing across a spectrum of different aging phenotypes, injuries, or sites of inflammation (Borges et al., 2013; Kulshreshtha et al., 2013; Zhang et al., 2017). For diagnostic purposes, these exosomes effectively form a patient-specific “background”. Thus, early diagnosis of cancer in a minimally invasive manner will require high-throughput, rapid screens of both background and disease associated exosomes with a preference for single-exosome characterization.

We believe that FTIR spectromicroscopy is well-suited for this application because it is label-free, noninvasive, and non-destructive (Martin et al., 2001; Holman et al., 2010). Furthermore, exosome sample preparations are often dried, negating the impact of water absorption bands while enabling the use of FTIR spectromicroscopy over other vibrational spectroscopy methods for increased chemical sensitivity per unit of time (Palonpon et al., 2013). Therefore, we primarily discuss exosome screening in the context of FTIR spectromicroscopy, though many of our outlined considerations can be generalized to other hyperspectral imaging technologies.

Numerous publications identify cancer-associated spectral shifts that can reliably differentiate among cancer cell lines as well as between cancer-derived and normal exosomes under carefully controlled laboratory conditions (Zlotogorski-Hurvitz et al., 2019; Romanò et al., 2020, 2022). However, these spectral changes are often subtle and difficult to interpret (Uthamacumaran et al., 2022). The subtlety of spectral changes may be further complicated by the site-to-site variability that has adversely affected applying machine learning to clinical imaging analysis (Willemink et al., 2020). Due to these considerations, we anticipate that the earliest clinically relevant implementations of FTIR spectroscopy for routine screening will serve as general indicators of disease presence. Diagnostic refinement would then be achieved via more focused and established technologies such as those detecting cancer-subtype specific exosome surface markers (Liu et al., 2018) and miRNAs (Taylor and Gercel-Taylor, 2008). Later implementations may eventually achieve broad, multi-functional diagnostics, but the practical performance of integrated classifiers in complex exosome backgrounds must first be determined with large numbers of patient samples. Broadly, FTIR spectral characterization of exosomes can be classified into two categories, and this categorization provides the important context for accurate sample analysis.

The first category is bulk exosome characterization. A purified exosome sample is often immobilized onto a slide by drying then assessed either in transmission mode, in reflectance mode, or by using an ATR objective for improved signal. In all the above cases, the incident beam is at best diffraction limited (2–10 μm) (Holman et al., 2010) and is considerably larger than the ~120 nm diameter of exosomes (Yu et al., 2018). Furthermore, depending on how rapidly sample drying is achieved, the process may result in a ‘coffee ring' effect (Choi and Birarda, 2017); exosomes may be concentrated in certain regions while depleted in others. This implies that each successful measurement will likely represent the properties of multiple exosomes. If disease-associated spectral changes are significant and present in a large fraction of exosomes, this method can be viable for the diagnosis and monitoring of disease progression (Blat et al., 2019). However, this approach's effectiveness may be greatly reduced for early diagnostic applications, as the fraction of disease-associated exosomes would be relatively small when compared to normal background exosomes.

The second category is single-exosome characterization, in which the signal is obtained on a per-exosome basis. The resolution improvements necessary for single-exosome sampling are achieved via scanning probe-based technologies. For these technologies, resolution is no longer diffraction-limited; it is instead a function of utilized probe-tip diameter. Two FTIR-dependent infrared nanospectroscopy methods are currently in use: AFM-IR (Dazzi et al., 2005) and SINS (Bechtel et al., 2020). As with bulk FTIR measurements, spectra acquired using these modalities are reported to be able to distinguish between cancer-derived and normal exosomes (Kim et al., 2018). While this single-exosome strategy has potential for establishing a per-patient normal background, the characterization in practice is limited to a small number of exosomes due to long data acquisition times. Although long acquisition times are not ideal for large-scale screening that potentially examines millions of exosomes, recent advances in infrared sources (Weida and Yee, 2011), signal enhancement methods (Dixon et al., 2020), and array-based strategies can bring high-throughput single-exosome characterization into the realm of feasibility.



5. Discussion

Hyperspectral imaging has great potential for clinical use. However, due to being a relatively recent technology in the medical field that is still undergoing rapid advancement, it has yet to be substantively incorporated into clinical workflows. In this perspective, we present several biomedical applications of non-invasive label-free hyperspectral imaging that take into consideration the clinical requirements for practical implementation as well as the areas in which we believe that technological advances will likely occur. Each of these potential application cases is addressed in a dedicated section and has the potential for contributing directly or indirectly to early cancer diagnostics and precision medicine.

As shown in Figure 2, the general cycle of cancer patient diagnosis and treatment is a multi-step process requiring affordable and accessible point-of-care technologies; the applications we present directly address critical steps in this cycle. Our first proposed use of FTIR spectromicroscopy is for creating a relational database of physicochemical-microstructural information to clinical cancer subtype. This database would be used in optimizing combinatorial imaging probe selection for potential diagnostic and theragnostic improvement by the clinician. Our second proposed use is for the routine screening of exosomes, providing an information-rich yet minimally invasive method for early cancer diagnostics that could be performed outside of the clinic by specialized laboratories.
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FIGURE 2
 General workflow and cycle of patient diagnosis and therapy in precision medicine for cancer. Professional societies use statistically powerful, evidence-based medicine to establish and update the clinical guidelines (blue boxes). The diagnostic and precision medicine stages (green boxes) can be clinician-specific, often being the stages in which experimental procedures are performed. Patients enter the cycle at routine screening and proceed through the workflow as indicated. Once cancer presence is detected, identification of cancerous tissue can be performed with the visual aid of imaging probes. Probe screening and the subsequent selection of complementary imaging probe combinations is indicated (yellow box) as a modular component of general image probe selection. Notably, there exist imaging probes that contain theragnostic capabilities, such as those that can be used to image and photothermally ablate tumor-positive tissue.


By taking practical considerations of clinical implementation into account, we emphasize approaches that do not necessitate direct integration of broadband hyperspectral imaging at the point-of-care level but instead can improve a clinician's ability to perform early diagnostics and precision medicine for their patients through the efficient and effective use of existing imaging and treatment modalities.
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