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Abstract: Current standard of care for brain tumor management includes maximal safe surgical 
resection followed by concurrent chemotherapy and radiation therapy. Recent advances in image-
guided surgical techniques have enhanced the precision of tumor resections, yet there remains a 
critical need for innovative technologies to further improve patient outcomes. The emerging use of 
theranostic technologies to improve surgical outcomes can further augment the efficacy of adjuvant 
radiosurgery/radiotherapy and systemic therapies. Stanford Neurosurgery is a leader in the field of 
translational neuro-oncology. In this review, we provide an expert view of how theranostics can be 
integrated into future therapeutic treatment algorithms to help improve survival for patients with 
brain tumors. 
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1. Introduction 

Over the past century, neurosurgical oncology has undergone significant evolution, with 
maximal safe surgical resection and adjuvant therapies now established as cornerstones of treatment 
(Figure 1). This approach strives to balance the imperative of reducing tumor burden while 
preserving critical neurovascular functions. Surgical principles for managing Central Nervous 
System (CNS) tumors have been explored since antiquity. Ancient Chinese findings from as early as 
10,000 BCE describe the management of brain tumors whilst trepanned skulls dating back to 
prehistoric times have been found in France, Mexico and Peru [1]. The seminal works of William W. 
Keen, Henry Cushing and Walter Dandy marked a crucial transition to modern neuro-oncology. 
William Keen's pioneering craniotomy in 1888 for successful brain tumor resection set the stage for 
subsequent advancements in surgical techniques. Cushing further revolutionized neuro-oncology 
with innovative and meticulous operative methods significantly improving patient outcomes, as 
documented through his extensive case series of 2000 intracranial tumors [2]. Technological 
breakthroughs like ventriculography and pneumoencephalography, introduced by Walter Dandy, 
enabled precise localization of brain tumors through the use of contrast agents and air injected into 
subarachnoid spaces, thereby enhancing diagnostic accuracy and surgical planning [3,4]. The advent 
of surgical microscopes by Gaza Yasargil in 1969 further elevated the precision of brain tumor 
surgery, laying foundational groundwork for the integration of advanced imaging techniques, 
molecular diagnostics, and targeted therapies in modern day neurosurgical oncology. 
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Despite these advancements, significant challenges remain in the standard of care for brain 
tumor patients. Survival rates for brain tumors remain variable, influenced by tumor-specific factors, 
patient demographics, and therapeutic variables. For instance, the most aggressive primary adult 
brain tumor, glioblastoma (GBM), continues to present particularly dismal prognoses, with a median 
survival of approximately 15 months despite aggressive multimodal therapies involving maximal 
safe resection, adjuvant radiotherapy, and chemotherapy with agents like temozolomide [5]. The 
limited success in improving survival outcomes underscores the persistent challenges and limitations 
inherent in current therapeutic approaches.  

One such challenge is the presence of the blood brain barrier (BBB), which restricts the effective 
delivery of chemotherapeutics to tumor sites within the CNS [6]. The BBB consists of tight junctions 
between endothelial cells, astrocyte foot processes, and pericytes. While small (<400 Da) lipophilic 
drugs may be able to penetrate the BBB, its structure still poses a considerable obstacle to effective 
drug delivery including for temozolomide (TMZ), the current standard of care systemic 
chemotherapy agent for GBM patients, where peak cerebrospinal fluid (CSF) TMZ concentration 
typically averages only 20% of the circulating plasma concentrations [7]. The complexity of drug 
delivery to tumor cells is compounded by the blood tumor barrier (BTB). This refers to abnormal 
neovascularization downstream to hypoxia and angiogenic factor release, which can impede 
chemotherapy entry in tumor areas [8]. Drug efflux transport proteins within the BBB also present a 
major obstacle to chemotherapeutics, alongside the CSF drug washout effect, wherein continuous 
CSF circulation results in rapid drug clearance, reducing effective concentration and duration of 
action within the CNS [9]. Novel technologies which could enhance delivery of therapies across the 
BBB and BTB could improve treatment outcomes for brain tumor patients. 

Our success as tumor surgeons in offering our patients the best outcomes is contingent on our 
ability to achieve maximal safe resection. However, tumors located in critical or deep brain regions 
pose significant challenges due to the risk of neurological deficits associated with aggressive 
resection. Furthermore, the accurate delineation of tumor margins, particularly for diffuse infiltrative 
tumors such as gliomas, remains a persistent challenge during surgery, often resulting in microscopic 
residual disease at the tumor periphery [10]. Fluorescence-guided surgery (FGS) has emerged as a 
promising adjunct to conventional neurosurgical techniques. Fluorescent agents like 5-
aminolevulinic acid (5-ALA), which metabolizes into Protoporphyrin IX (PPIX) within tumor cells 
and fluoresces under blue light, enhances the intraoperative visualization and delineation of tumor 
tissue and has demonstrated efficacy in increasing extent of resection in high grade gliomas [11]. 
Indocyanine green (ICG), another fluorescent dye in the near infrared (NIR) spectrum, exhibits 
enhanced specificity to tumor cells due to their accelerated endocytosis and disruption of tight 
junctions, enabling its preferential accumulation within neoplastic tissue [12]. ICG enhances tissue 
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penetration, predicts gadolinium enhancement on post-operative magnetic resonance imaging 
(MRI), and demonstrates higher sensitivity and negative predictive value compared to 5-ALA in 
detecting neoplastic tissue [13,14]. The ability to integrate a tumor-targeting diagnostic moiety with 
a therapeutic agent (a theranostic) holds promise in overcoming the conventions of surgical resection 
followed by adjuvant chemoradiation [15]. This review explores the potential of theranostics to go 
“beyond the knife” to transform the field of neurosurgical oncology and significantly improve patient 
outcomes. 

2. Materials and Methods 

We performed a review of the literature from 1999 to 2024 on the topics of nanotechnology and 
theranostics as applied in the fields of neurosurgical oncology and neuro-oncology. 

3. Results 

5-ALA, given intravenously at 20 mg/kg 3 hours prior to induction of anesthesia, can effectively 
identify high grade glioma tissue during surgery. We present a case of a patient with a right frontal, 
ring-enhancing intra-axial brain lesion, as visualized on axial, coronal, and sagittal MRI scans, 
respectively (Figure 2A-C). Intraoperative white light microscopy shows flesh colored tumor tissue 
(Figure 2D, white dashed border), which emits 5-ALA fluorescence (Figure 2E, white dashed border), 
allowing for the neurosurgeon to achieve maximal extent of resection of tumor tissue without 
sacrificing neighboring brain tissue. Blood from surrounding tumor vasculature at the time of 
surgery can obscure the surgeon’s ability to differentiate infiltrative tumor (Figure 2F, white dashed 
border). Persistence of 5-ALA signal allows for the surgeon to continue resection within a margin of 
safety (Figure 2G, white dashed border). Post-operative MRI scans demonstrate maximal extent of 
resection, with effective removal of the bulk of the ring-enhancing tumor (Figures 2H-J) from the 
patient’s brain and the absence of neurological deficits.  
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We previously published on two different theranostic tools with significant translational potential 
for use in neuro-oncology. One technology involves the formulation of liposomal nanoparticles which are 
capable of packaging water soluble small molecules such as TMZ in its aqueous center and hydrophobic 
small molecules such as the bromodomain inhibitor JQ1 in its lipid bilayer, allowing for delivery of dual 
combination therapies (Figure 3A) [16]. These liposomal nanoparticles can be further functionalized on 
their surface with proteins such as transferrin, which have been shown to enable receptor-mediated 
transcytosis across the BBB, and fluorophores, allowing for fluorescence detection. In an intracranial 
orthotopic xenograft mouse model of GBM, we demonstrated that these transferrin-functionalized 
nanoparticles were capable of crossing the BBB and BTB, attaching to the surface of intracranial glioma 
tumors which inherently overexpress transferrin receptors on their cell membranes (Figure 3C, transferrin 
receptors) [16]. The ability to achieve tumor specific delivery of combination therapies across the BBB led 
to decreased tumor burden, prolonged surgical and relative reduction in systemic drug toxicity profiles 
in glioma-bearing mice.  

We recently published our ability to leverage filamentous M13 bacteriophage as a 
theranostic for tumor imaging in the short-wave infrared (SWIR) spectrum using a patient-
derived orthotopic xenograft mouse model of GBM (Figure 3B). Filamentous phage particles 
are narrow in diameter (5 nm), modular in length, and genetically tunable with the ability to 
express transgene plamids. Similar to liposomal nanoparticles, phage particles have surface 
peptides that can be conjugated with fluorophores and small molecules. We produced 
ultrashort (50 nm) M13 “inho” phage particles that expressed the 28 amino acid chlorotoxin 
(CTX) peptide, known to recognize the MMP1/2 receptors on the surface of glioma cells [17]. 
We then conjugated ICG fluorophores on the surface of inho phage particles and delivered them 
intravenously in a patient-derived xenograft mouse model of GBM, enabling intracranial 
detection of brain tumors in mice using a SWIR imaging system (Figure 3C) [18]. Taken 
together, our ability to combine existing advanced intraoperative neurosurgical techniques with 
translational theranostic technologies may allow us to address the large unmet need in offering 
our brain tumor patients significant survival benefits. 
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4. Discussion 

Stanford University is internationally acclaimed for its pioneering work in neurosurgery, neuro-
oncology, and technological innovation. Dr. John R. Adler Jr. at Stanford Neurosurgery pioneered 
Cyberknife robotic stereotactic radiosurgery (SRS) for the treatment of brain and spine neurosurgical 
conditions [19]. Under the current co-director leadership of Dr. Steven D. Chang in the Department 
of Neurosurgery and Dr. Scott G. Soltys in the Department of Radiation Oncology, we previous 
published on the treatment of our first 7,000 patients coming through the Cyberknife radiosurgery 
program between the years of 1999 to 2018 [20]. To date, the Cyberknife program has treated over 
11,000 patients. This review presents our vision of converging translational theranostic tumor-
targeting platforms to further augment the current clinical platforms of image-guided surgery, FGS, 
SRS, and delivery of precision cancer therapies to our patients (Figure 4A).  

 

Whilst gadolinium-based contrast imaging is the gold standard in image-guided neurosurgery, 
its non-specific accumulation in areas of BBB disruption can blur the distinction between tumor tissue 
and inflamed margins [21]. Theranostic agents targeting tumor-specific receptors could potentially 
improve tumor resolution, reduce non-specific contrast accumulation, and integrate diagnostic and 
therapeutic functions into a single platform, offering real-time feedback on therapeutic efficacy. 
Current fluorophores for use in FSG also face notable limitations. 5-ALA has limited penetration 
depth and lack of benefit in lower grade gliomas [22], and fluorescein sodium accumulates in 
edematous and surgically inflamed non-tumor tissues due to reliance on BBB leakage [23]. 
Nanoparticle-based delivery systems can potentially address these issues by enhancing targeting 
accuracy, improving tumor margin delineation and broadening applicability across a variety of CNS 
tumors (Figure 4B). An early phase clinical trial using pegylated nanoliposomal irinotecan combined 
with metronomic TMZ was tested in recurrent glioblastoma patients, though without specific tumor-
targeting mechanisms, a further indication of the gradual coming of age of theranostic technology in 
the field of neuro-oncology [24].  

The Stanford Cyberknife radiosurgery program continues to push the frontiers in the use of SRS 
for the treatment of brain and spine tumors. Our vision to apply theranostic technologies to deliver 
agents that can further enhance the radiobiological effect of radiation on tumors, for example, can be 
a game changer. Such agents can include radiosensitizers which enhance tumor cell susceptibility to 
radiation, reduce repopulation during SRS, and achieve greater tumor control with reduced radiation 
dose, minimizing damage to surrounding tissue [25]. The modular nature of theranostics also allows 
us to deliver multimodal therapies that can be both additive and/or synergistic in their tumoricidal 
effects [26,27]. We can further leverage existing tools for BBB disruption such as focused ultrasound 
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technology (Figure 4C) and convection enhanced delivery (Figure 4D) to optimize therapeutic 
delivery. 

Whilst theranostic technologies hold considerable promise, several limitations must be 
acknowledged. Immunogenicity remains a significant concern, particularly with the use of viral 
vectors and bacteriophage-based systems [28,29]. Nanoparticle-based delivery systems can also elicit 
varying effects on the innate immune response, with the potential to induce both immune 
overactivation and immunosuppression [30]. Furthermore, the ultrasmall size and large surface area 
of nanoparticles, whilst facilitating receptor interactions at the tumor site, also promotes organ 
accumulation and mediates toxicity. Nanoparticles have been associated with the accumulation of 
reactive oxygen species (ROS), mitochondrial damage, inflammation, cellular apoptosis and DNA 
damage across a variety of organ systems including the respiratory, nervous, endocrine and 
reproductive systems [31]. Continued research is necessary to fully understand the pharmacological 
properties and long-term effects of nanoparticle therapies in humans. 

Moreover, the transition from benchtop to beside presents significant challenges. Whilst 
preclinical models have demonstrated success in overcoming the BBB and achieving targeted 
delivery, translating into clinical practice remains complex. This complexity arises in part from the 
inability of preclinical models to fully replicate the heterogeneity of human tumors, particularly in 
terms of the tumor microenvironment and BBB characteristics [32]. Finally, the scalability and 
reproducibility of nanoparticle manufacturing processes also poses a substantial challenge, 
exacerbated by regulatory requirements and the high financial barriers associated with the 
development, testing and production of theranostic technologies [33]. Nevertheless, the growing 
involvement of clinical scientists in nanotherapeutics research will invariably accelerate the 
translation of these innovations into clinical settings to improve the treatment and survival outcomes 
for brain tumor patients.  
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