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Surgery is the initial and most important mode of treatment for glioma, the most common primary brain tumor. The greatest possible extent of resection and preservation of neurological functions are both the primary goals, although they tend to be in the trade-off relationship. Several surgical adjuncts have been developed for maximal safe resection, which include electrophysiological monitoring, navigation system, intraoperative imaging, and fluorescent probes. Intraoperative imaging such as MRI and ultrasound tend to overcome inacuracy due to brain shift during tumor resection. However, these devices tend to be costly. In contrast, fluorescent probes can be implemented to surgery by simply attaching an excitation and emission filters to a preexisting microscope, achieving high versatility with low cost. Fluorescence-guided surgery has been proven effective for radical tumor resection; fluorescent probes effectively visualize the tumor intraoperatively.

Fluorescence probes are useful indicators for biologically relevant targets, being sensitive, rapidly responsive, and capable of affording high spatial resolution via microscopic imaging without destroying structures (1). In surgery, many different types of fluorescent probes have been investigated in preclinical and clinical studies. They are classified based on the mechanisms of their actions into “always-on” probes and activatable probes (2). “Always-on” probes, administered with intravenous injection, readily reveal hypervascularized areas, differentiating the tumor from the normal brain parenchyma. These probes have several disadvantages in their use. They do not necessarily accumulate selectively in tumor tissues (3). Even if they do, they show high background signals, which makes it difficult to identify tumor tissues. On the contrary, activatable probes are efficient in identifying the tumor specifically either with its high substance accumulation or with its metabolic activation, although they often require a considerable time up to several hours in clinical use (4). One such example is activatable cell-penetrating peptide (ACPP) (5). The ACPP probe is a fluorescently labeled, polycationic cell-penetrating peptide coupled with a cleavable linker. When the probe is exposed to a protease being active in the tumor, the linker is cleaved and the inhibitory peptide is dissociated. Then it binds to and enters the tumor cells.

Three types of fluorescent probes are in use in neurosurgical procedures: 5-aminolevulinic acid (5-ALA), indocyanine green (ICG), and fluorescein sodium (6). ICG and fluorescein sodium are classified as “always-on” probes (7), whereas 5-ALA is classified as an activatable probe. It induces the production of protoporphyrin IX (PpIX), which preferentially accumulates in glioma tissues. It reaches its peak 6 h after 5-ALA administration (8).

A randomized controlled study conducted by Stummer et al. assessed the efficacy of fluorescence-guided resection with 5-ALA in patients with malignant gliomas amenable to complete resection of contrast-enhancing tumor (9). The primary endpoints were the number of patients without contrast-enhancing tumor in early postoperative MRI and 6-month progression-free survival. Secondary endpoints were volume of residual tumor on postoperative MRI, overall survival, neurological deficit, and toxic effects. Patients assigned to fluorescence-guided surgery had a higher 6-month progression-free survival than did those assigned to conventional surgery (41.0 vs. 21.1%, p = 0.0003). The complete resection rate of contrast enhancing tumor in the fluorescence-guided surgery group compared favorably with that in the conventional surgery group (65 vs. 36%, p < 0.0001). They have shown that the use of 5-ALA resulted in a higher complete resection rate and a longer progression-free survival. Of note, no significant differences in overall survival, neurological deficit, or toxic effects were noted between the two groups. 5-ALA is now routinely used in clinical practice for high-grade glioma surgery. On the contrary, it fails to identify low-grade gliomas. There are some limitations in its use as well, which would include false positivity, false negativity, the need for preoperative oral administration, and the inability for re-administration (10).

We have previously reported on hydroxymethyl rhodamine green (HMRG) probes as activatable fluorescent probes for rapid cancer detection with topical spray (11). They are comprised of HMRG as fluorescent scaffold combined with various types of amino acids or dipeptides. Their fluorescence are completely quenched by spirocyclic caging but are activated rapidly with a one-step enzymatic reaction in the presence of specific aminopeptidase enzymes within a few to tens of minutes (Figure 1). Dipeptidylpeptidase IV and γ-glutamyltransferase (GGT) are some examples of dipeptidyl peptidases and aminopeptidases that are known to be expressed at the elevated levels in various types of cancers, such as hepatic cancer, esophagus cancer, ovarian cancer, and glioma as well, as compared to normal tissues (11–15). GGT is present on the plasma membrane and catalyzes the transfer of the N-terminal gamma-glutamyl group of substrates to acceptor molecules. When it encounters GGT on the surface of a cancer tissue, it is hydrolyzed by the enzymatic reaction to yield the highly fluorescent product, HMRG. In vitro, when red fluorescent protein was used as a reference for location of a cell of the ovarian cancer cell line SHIN3, sensitivity and specificity of detecting SHIN3-RFP tumors with gGlu-HMRG 10 min after injection were 100 and 100%, respectively. In vivo, after establishing the intraperitoneal dissemination mouse model using SHIN3, minute tumors <1 mm in diameter in the peritoneum could be readily identified as early as 30 s after spraying the gGlu-HMRG probe under fluorescence-guided endoscopy and they could be removed easily with forceps. Without fluorescent probes, confirming the completeness of resection would be difficult with naked eyes, and therefore would have to be ascertained by postoperative histological confirmation (16–18).
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FIGURE 1. Chemical structures of HMRG-based fluorescent probes. These probes are completely quenched due to spirocyclic caging but are activated with protease reaction.



These HMRG probes can be applied for the detection of a brain tumor. Some probes fluorescence glioma tissue more than the surrounding normal brain tissue after their topical application (Figure 2). The biggest advantages of these activatable probes would be that they start to react immediately after spray and can be administered repeatedly during surgery with potentially high specificity and sensitivity. Topical application of spray probes can be performed with a much lower dose than systemic administration, and thus they are deemed safer. On the other hand, one caveat would be that the efficacy of spray fluorescent probes may be diminished by being washed away by active bleeding at the resection cavity before they provoke fluorescence in the tumor. Another concern would be that the surrounding brain tissue may overhang the resection cavity, which makes it difficult to efficiently apply fluorescent probes to the cavity and to accurately evaluate the degree of fluorescence.
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FIGURE 2. Proof of concept in spray fluorescent probes. (A) The conceptual image of tumor detection with topical application of a fluorescent probe. (B) In a representative case of glioma, the fresh tumor tissue exhibits significantly stronger fluorescence as compared to the peritumoral tissue.



We believe that these novel fluorescent probes have a potential as probes complementary to 5-ALA in high-grade glioma surgery. As discussed earlier, 5-ALA is highly effective and routinely administered for resection of high-grade gliomas, but these probes would be worth a try when the tumor does not fluorescence with 5-ALA or when 5-ALA fluorescence has significantly diminished at the end of tumor resection. In addition, they would be a breakthrough in low-grade glioma surgery, where 5-ALA is largely ineffective. Moreover, they are potentially applicable to virtually all types of brain tumors including malignant lymphoma and brain metastasis, which are the top differential diagnoses of glioma. Novel HMRG probes which specifically detect malignant lymphoma or brain metastasis are currently under investigation. Last but not the least, a larger clinical study is warranted to assess the clinical utility of our probes in brain tumor surgery.
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