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Abstract: Boron neutron capture therapy (BNCT) represents a promising binary radiotherapy for refractory solid tumors. However,
its clinical translation has been historically constrained by the suboptimal pharmacokinetics of conventional boron agents (eg, BPA and
BSH), characterized by low tumor selectivity and rapid clearance. This review provides a comprehensive analysis of how nanoengi-
neered delivery platforms—including lipid-based, polymeric, inorganic, and biomimetic nanocarriers—are revolutionizing BNCT. We
focus on their advanced targeting mechanisms (passive EPR effect, active ligand/receptor engagement, and nuclear localization),
which collectively enable significantly enhanced tumor boron accumulation (T/N ratios of 6—17) and prolonged intratumoral retention.
Furthermore, we critically examine the integration of multimodal imaging techniques (PET, MRI) for real-time dosimetry and
treatment planning, which is essential for precision-guided BNCT. Despite remarkable preclinical progress, key translational chal-
lenges persist, including the standardization of neutron sources, long-term biocompatibility of nanocarriers, and scalable GMP-
compliant manufacturing. In conclusion, the convergence of targeted nanomedicine, precision imaging, and immunomodulation is
forging a robust platform. This positions BNCT as an emerging, clinically viable modality within the precision oncology arsenal for
refractory malignancies.
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Introduction

Refractory tumors, including glioblastoma, recurrent head and neck cancers, and hepatocellular carcinoma, present
significant challenges in clinical oncology due to their aggressive growth, heterogeneity, and resistance to standard
therapies.'> Conventional radiotherapy and chemotherapy often fail to achieve sustained therapeutic responses and are
frequently associated with significant systemic toxicity and damage to healthy tissues.’

BNCT is a binary targeted radiotherapy modality whose efficacy hinges on the selective delivery of boron-10 (‘°B) to
tumor cells followed by thermal neutron irradiation. This process generates high-linear energy transfer (LET) particles capable
of inducing lethal, spatially confined DNA damage, thereby offering a unique mechanism for targeting refractory solid tumors
with minimized off-target effects.* BNCT has emerged as a promising modality for refractory solid tumors due to its dual
selectivity—both biochemical (via tumor-targeted boron delivery) and radiological (via spatially confined particle emission).

Clinical evidence underscores its potential: in recurrent head and neck cancer, BNCT achieves an objective response
rate of 80.5%, significantly higher than conventional therapies, and extends median survival in glioblastoma to 12—18

months versus 9-12 months with standard care.” The transition from reactor-based to compact, hospital-accessible
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accelerator-based neutron sources (eg, Japan’s J-CART) is addressing historical limitations in clinical scalability and
standardization, as highlighted in recent reviews.*’

Despite decades of research, the clinical translation of BNCT has been limited by the inherent drawbacks of
conventional small-molecule boron agents such as BPA and BSH. These agents exhibit limited tumor selectivity, low
T/N ratios, and short retention times, which restrict their therapeutic utility.**

We posit that BNCT is currently evolving from a binary radiotherapy model into an integrated, platform-based
strategy for precision oncology, mainly driven by advances in nanobiotechnology and imaging. Engineered nanocarriers
overcome the pharmacokinetic limitations of small molecules by combining dual targeting mechanisms—the enhanced
permeability and retention (EPR) effect and ligand-mediated active targeting—with multifunctional capabilities, such as
imaging—therapy integration and stimuli-responsive release.”'°

This review provides a comprehensive analysis of nanoengineered boron delivery systems, with a particular focus on
their targeting mechanisms and the translational challenges that impede clinical adoption. We highlight how these
nanotechnological advances are forging a crucial pathway to bridge nanoscience, radiation oncology, and cancer biology,

thereby repositioning BNCT as an emerging precision medicine platform for refractory solid tumors.

Nuclear Reaction Principles and Precision Implementation Techniques of
BNCT

Mechanisms of the BNCT Nuclear Reaction

BNCT operates as a binary therapy where the critical first step—selective boron delivery—is spatially and temporally
separated from the second step—neutron irradiation. The therapeutic effect is non-radioactive until irradiation, minimiz-
ing pre-exposure toxicity. The core reaction involves the capture of a thermal neutron by a boron-10 (*°B) nucleus, which
has an exceptionally high capture cross-section (~3840 barns).*'' This fission-like reaction produces high-LET a-
particles and recoiling lithium-7 (Li) nuclei. With a combined path length of approximately 5-9 pm—comparable to
a single cell diameter—these particles deposit their kinetic energy densely along their track, causing clustered, complex
DNA double-strand breaks that are difficult for tumor cells to repair. This subcellular precision is the physical basis for
BNCT’s ability to eradicate tumor cells while largely sparing adjacent normal tissue.

The therapeutic efficacy of BNCT highly depends on the subcellular localization of '°B. This parameter can be
precisely modulated using nanoengineered delivery systems. For example, nucleus-targeted nanoliposomes (eg, DOX-
CB@lipo-pDNA-iRGD) incorporate nuclear localization signals (NLS) to transport '°B within 5-9 pm of genomic DNA,
corresponding to the penetration range of a-particles.'” This spatial proximity enhances the probability of inducing DNA
double-strand breaks compared with cytoplasmic boron distribution, as observed with free BSH, where a-particle energy
is dissipated mainly before reaching the nucleus.'> A schematic overview of this process is presented in Figure 1,
depicting the sequential events from boron accumulation to radiation-induced DNA damage.

Biological Consequences and Therapeutic Selectivity

Building upon the nuclear reaction principles described above, the high-LET particles (alpha particles and “Li nuclei) deposit
their energy within a very short range (5-9 pum), confining lethal damage primarily to the boron-loaded cell. This spatial
confinement underpins BNCT’s therapeutic selectivity. At the cellular and molecular level, these physical events translate into

14,15

distinct biological consequences. BNCT induces tumor cell death through interconnected pathways: (i) direct induction of

complex DNA double-strand breaks leading to apoptotic or necrotic cell death;'®' (ii) generation of secondary reactive

species causing pronounced oxidative stress and organelle damage;***'

and (iii) activation of cell cycle checkpoints resulting
in growth arrest.*> This unique combination of targeted boron delivery and spatially confined high-LET radiation underpins
BNCT’s potential to eradicate refractory tumor cells while sparing normal tissues. Nevertheless, accurately calculating boron

concentration and neutron dose distribution remains a major translational challenge.
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Figure | Schematic illustration of the BNCT mechanism for precise tumor cell eradication. The process involves the accumulation of boron-10 in tumor cells, followed by
thermal neutron irradiation, and the subsequent release of high-LET o-particles and lithium nuclei, which cause DNA double-strand breaks.

Criteria and Targeting Strategies for Boron Agents

The most widely investigated boron delivery agents for BNCT currently include boronophenylalanine (BPA), an amino
acid analogue that is selectively taken up by tumor cells via overexpressed amino acid transporters, and sodium
borocaptate (BSH), which primarily accumulates in tumor tissues through passive diffusion.® An ideal boron agent for

clinical BNCT should meet the following criteria:**>°

(1) high tumor selectivity, enabling preferential accumulation
within malignant cells while minimising uptake in normal tissues; (ii) a high boron content per molecule to maximise the
probability of neutron capture events and enhance therapeutic efficacy; (iii) favourable biodistribution to ensure
homogeneous intratumoral distribution and achieve consistent cytotoxicity across the tumor mass; and (iv) excellent
biocompatibility and low systemic toxicity to support safe administration and reduce off-target effects during treatment;
and (v) compatibility with nanoengineering (eg, ligand conjugation, imaging moiety loading) to enable targeted delivery
and real-time monitoring. A comparative overview of three fundamental targeting mechanisms—LAT 1-mediated uptake,

CPP-enhanced delivery, and EPR-driven passive accumulation—is provided in Figure 2.
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Figure 2 lllustrates three boron-based drug delivery strategies for tumor therapy: boron drug delivery targeting L-type amino acid transporter | (LAT1), cell-penetrating
peptide (CPP)-mediated sodium borocaptate (BSH) delivery, and passive targeting mediated by the EPR effect. Exemplar A is represented by boronophenylalanine (BPA) and
the poly(vinyl alcohol)-BPA (PVA-BPA) composite, which targets the LAT | pathway. BPA can cross the blood-brain barrier and accumulate in cells via the transport function
of LATI. However, to maintain intracellular amino acid homeostasis, LAT | pumps BPA out of cells again in exchange for extracellular amino acids, resulting in insufficient
boron drug concentration in tumor cells to meet the requirements of boron neutron capture therapy (BNCT). Although traditional continuous infusion can partially
maintain intracellular boron drug concentration and prolong BPA retention time, it induces adverse effects such as phlebitis. In contrast, after being transported into cells via
LAT I, PVA-BPA accumulates in endosomes/lysosomes, reducing the content of free BPA in the cytoplasm, thereby slowing LAT [-mediated BPA efflux, effectively extending
BPA retention time and increasing accumulation concentration, and ultimately optimizing the boron concentration ratios of tumor-to-blood (T/B) and tumor-to-normal
tissue (T/N). Exemplar B is a CPP-mediated BSH delivery system represented by BSH-IIR. The composite consists of 8 BSH units and a poly-1 |-arginine domain, with
a boron content of 20.1% (mass ratio). BSH-1IR enters cells through non-receptor-dependent non-classical endocytosis, can directly penetrate the cell membrane, and
accumulates in the nucleus. As shown in the bar graph in Part B, BSH exhibits high-concentration accumulation in the nucleus 24 hours after administration. Exemplar C is an
EPR effect-dependent passive targeting system represented by zirconium (Zr)-tetrakis (4-carboxyphenyl) porphyrin (TCPP) metal-organic nanocrystals (MNCs). These
nanocrystals have a monodisperse spherical structure with an average particle size of 100.20£6.72 nm. By virtue of the EPR effect, MNCs in the bloodstream can penetrate
the tumor vessel wall, retain and accumulate in tumor tissues, achieving a boron concentration ratio of 6.20£0.90 between tumor and normal tissues and 3.80+0.35 between
tumor and blood, demonstrating excellent tumor-selective accumulation capability.

Dynamic Monitoring of Boron Concentration and Multimodal Imaging
Strategies

The therapeutic efficacy of BNCT is fundamentally governed by the nuclear reaction between '°B and thermal neutrons,
which generates high linear energy transfer (LET) a-particles and “Li nuclei. These reaction products induce clustered
DNA double-strand breaks selectively within boron-enriched tumor cells.*' *? Because the neutron capture probability is
directly proportional to the local '°B concentration, maintaining an intratumoral boron level exceeding approximately
20 ng/g is considered critical for achieving therapeutic efficacy. Conversely, excessive boron accumulation in normal
tissues can result in off-target toxicity, given the limited path length of a-particles (5-9 um). In addition, heterogeneous
intratumoral boron distribution may lead to the formation of “dose-cold” regions, emphasizing the importance of
achieving spatially uniform '°B localization, even at the subcellular level.

Translating these nuclear principles into clinical benefit necessitates real-time and spatially resolved monitoring of
boron biodistribution. To this end, contemporary monitoring methodologies—including physical, radiochemical, and
analytical approaches (Table 1)—are increasingly being integrated with advanced imaging technologies to enhance
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Table 1 Comparative Analysis of Imaging Modalities for Boron Quantification in BNCT

Imaging Sensitivity Key Features Limitations Typical Nanocarrier/ Refs

Modality (ppm) Scenario

PET Approximately | High sensitivity; Quantitative Requires radioisotopes; '8F.FBY, “*Cu-BSH-3R, [34-36]
1-5 tracking; Flexible radiolabeling Radiation exposure risk Liposomes, Gold

Nanoparticles

MRI Approximately | Radiation-free; High spatial Lower sensitivity than PET MOFs, Boron Nitride [37, 38]
5 resolution; Compatible with Nanotubes (BNNT),
contrast agents Mesoporous Silica
SERS/ <l Real-time intraoperative guidance; | Limited tissue penetration Au@B hybrid nanoparticles | [39, 40]
Optical High specificity (<5 mm); Suitable only for
Imaging superficial tumors

Notes: @ denotes “hybrid”, where Au@B refers to gold-boron hybrid nanoparticles—nanocarriers formed by compounding boron-based materials with gold
nanoparticles.

temporal and spatial resolution. Collectively, these multimodal imaging strategies not only validate whether therapeutic
boron thresholds are attained but also enable individualized irradiation planning, thereby advancing BNCT toward
precision-guided radiotherapy.

Imaging Strategies and Adaptability to Nanocarriers

The emergence of nanotechnology-based boron delivery platforms has necessitated the adaptation of imaging modalities
to accommodate the distinct physicochemical and pharmacokinetic characteristics of nanocarriers, including particle size,
surface functionalization, and biodistribution profiles. In contrast to small-molecule agents, nanocarriers display pro-
longed systemic circulation and heterogeneous tumor retention, thereby requiring imaging technologies capable of
simultaneously capturing both spatial distribution and temporal dynamics. Representative imaging strategies currently
employed for boron quantification in BNCT are summarized in Table 1.

Positron Emission Tomography (PET)

PET imaging enables precise, quantitative assessment of nanocarrier biodistribution through the use of radiolabels such
as '8F and **Cu.*** For instance, '®F-trifluoroborate tyrosine (FBY) and **Cu-labeled BSH-Tmr-3R—a cell-penetrating
peptide—modified BSH conjugate—have shown strong correlations between PET signal intensity and actual boron
concentration (R? = 0.974 in the B16-F10 model). Owing to its high sensitivity (approximately 1 ppm) and versatility
in labeling liposomes, gold nanoparticles, and polymeric micelles, PET represents the most robust modality for
quantitative tracking of boron nanocarriers.*®

Magnetic Resonance Imaging (MRI)

The incorporation of contrast agents such as gadolinium chelates into boron nanocarriers provides high-resolution,

radiation-free anatomical and functional imaging. Although its sensitivity (approximately 5 ppm) is lower than that of

PET, emerging nanoplatforms—including metal-organic frameworks (MOFs), boron nitride nanotubes (BNNTs), and

mesoporous silica nanoparticles—are capable of co-loading boron and MRI contrast agents, enabling concurrent

therapeutic delivery and visualization.>”~®

Surface-Enhanced Raman Scattering (SERS) and Optical Imaging

The conjugation of near-infrared SERS probes or fluorescent dyes with boron nanocarriers facilitates real-time,

intraoperative visualization. Despite their excellent molecular specificity, these optical approaches are limited by shallow

tissue penetration depths (<5 mm), restricting their applicability to superficial or surgically accessible lesions.*”*°
Beyond these in vivo modalities, advanced microscopy techniques provide unprecedented insights into nanocarrier—

cell interactions at the subcellular level—an essential consideration for optimizing delivery efficiency, particularly in

nuclear-targeted BNCT systems. Although predominantly employed in preclinical studies, methods such as PAINT (Point
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Accumulation for Imaging in Nanoscale Topography), which enables dynamic tracking of lipid nanocarriers; STORM
(Stochastic Optical Reconstruction Microscopy), which achieves super-resolution mapping of cellular uptake; and STED
(Stimulated Emission Depletion) microscopy, which allows targeted super-resolution fluorescence imaging, collectively
offer valuable tools for validating nanocarrier design and intracellular trafficking.*'

Collectively, PET offers unparalleled sensitivity and quantitative accuracy, MRI provides superior spatial resolution
and anatomical definition, and SERS enables real-time intraoperative guidance. The complementary strengths of these
modalities underscore the translational promise of integrated multimodal imaging approaches for precise, image-guided
BNCT. However, translating the signals from these imaging modalities into accurate, quantitative boron concentrations

within tumors—and leveraging them for clinical treatment planning—remains a significant challenge.

Imaging—Concentration Correlation and Clinical Translation

A persistent challenge in BNCT lies in establishing a quantitative correlation between imaging-derived signals and the
actual intratumoral boron concentration. Positron emission tomography (PET) using '®F-labeled BPA ('*F-BPA) often
overestimates tumor boron accumulation—typically by 15-20%—when compared with inductively coupled plasma mass
spectrometry (ICP-MS) reference values. However, the gamma camera constructed by I-Huan Chiu and his team, based
on CdTe-DSD imaging technology, can accurately distinguish characteristic gamma-ray signals from background
interference due to its high energy and spatial resolution, directly inverting the location and intensity of the BNCT
reaction.*® The differences in accuracy from the pharmacokinetic differences between short-lived radiotracer surrogates
and boron-containing therapeutic agents. In particular, radiotracers may not fully colocalize with boron retained in long-
circulating nanocarriers, such as PEGylated liposomes.*’*° Consequently, standardized calibration and validation
protocols are urgently needed to account for these carrier-specific pharmacokinetic disparities and to enhance the
accuracy and reproducibility of imaging-guided dosimetry in BNCT. Establishing a robust, quantitative relationship
between imaging signals and actual boron distribution is therefore pivotal to advancing BNCT from experimental
validation toward reliable clinical implementation.

Beyond verification, the quantitative imaging of boron distribution also provides a valuable framework for optimizing
drug design and delivery strategies. Such analyses reveal the intrinsic pharmacokinetic limitations of conventional small-
molecule boron agents, including the short retention time and heterogeneous tumor distribution of BPA, while simulta-
neously offering real-time evaluation of novel formulations. For example, '*F-FBY PET imaging has demonstrated that
approximately 30% of tumor regions remain below the therapeutic threshold of 20 pg/g when BPA is administered,
underscoring the need for next-generation delivery systems such as polymer—boron conjugates or cell-penetrating peptide
(CPP)-based constructs that prolong retention and enable subcellular targeting.

Therefore, while multimodal imaging provides indispensable, real-time guidance for BNCT, translating imaging
signals into true, absolute boron concentration remains a challenge. In summary, preclinical studies have established that
current imaging modalities (eg, PET, MRI) can achieve sensitivities in the range of 1-5 ppm and provide valuable semi-
quantitative or correlative biodistribution data (eg, strong PET-ICP-MS correlation with R* up to 0.974 for specific agents
like FBY). However, as highlighted, discrepancies of 15-20% compared to gold-standard techniques like ICP-MS are
common, underscoring the limitation of relying solely on imaging for absolute dosimetry. Future work must focus on
validating imaging biomarkers against gold-standard measurements and developing carrier-specific calibration models to
achieve truly quantitative, image-guided dosimetry. The design of next-generation nanoformulations, with tailored
pharmacokinetics and integrated reporting functionalities (eg, co-loaded contrast agents), holds significant promise for
narrowing this gap and improving the accuracy of imaging-based boron quantification.

Therefore, the development of advanced strategies for boron concentration monitoring and multimodal imaging
constitutes an indispensable component of precision-guided BNCT. With these fundamental principles established, we
now explore the translation of BNCT into clinical practice, beginning with its potential applications across various
refractory tumor types.
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Potential Applications of BNCT in Refractory Tumors

BNCT has emerged as a promising therapeutic modality for refractory malignancies such as glioblastoma and head and
neck cancers, where conventional treatment regimens often result in limited efficacy and poor clinical outcomes.’® The
therapeutic success of BNCT depends critically on achieving efficient intracellular accumulation of sufficient '°B atoms
within tumor cells while minimizing off-target deposition in surrounding healthy tissues. Recent progress in this field has
centered on two complementary directions: the refinement of small-molecule boron agents and the advancement of
nanotechnology-enabled delivery systems. In particular, strategies incorporating active and subcellular (nuclear) targeting
have shown significant potential in enhancing tumor selectivity and maximizing DNA damage efficiency.

Small-Molecule Boron Agents and Optimization Strategies

LAT I-Mediated Amino Acid Analogues

The L-type amino acid transporter 1 (LAT1), highly expressed in proliferating tumor cells and at the blood—brain barrier
(BBB), serves as the principal uptake pathway for amino acid—based boron compounds. The first clinically approved
BNCT agent, BPA (also known as Steboronine), utilizes this transporter for tumor targeting. However, the bidirectional
and rapid translocation kinetics of BPA yield a modest tumor-to-normal tissue (T/N) ratio of approximately 2-3 and
a short intratumoral retention time (<2 h). Although continuous infusion can maintain therapeutic plasma levels, it
concurrently increases systemic exposure and toxicity.

Polymer Conjugates for Prolonged Retention

To address the limitations of rapid efflux, polymer conjugation strategies have been developed to enhance boron
retention. Poly(vinyl alcohol)-BPA (PVA-BPA) accumulates within endosomes and lysosomes following LATI-
mediated uptake, thereby reducing cytoplasmic efflux and extending intracellular retention to approximately 12 h.>!
Likewise, PEG—poly[Lys/Lys(fructose)]-BPA conjugates inhibit drug efflux while promoting renal clearance, resulting in
substantially improved tumor-to-blood (T/B) and T/N ratios in vivo.’? These findings underscore that minimizing efflux
and facilitating subcellular sequestration represent practical approaches for improving boron accumulation.

Next-Generation LAT| Substrates

Novel amino acid analogues, such as trifluoroborate—tyrosine (FBY), exhibit a close structural similarity to endogenous
tyrosine, ensuring high LAT1 affinity and efficient tumor uptake.’® In melanoma models, FBY demonstrated superior
therapeutic efficacy compared with BPA. Moreover, '*F-labeled FBY PET imaging revealed a strong linear correlation
between PET signal intensity and boron concentrations determined by inductively coupled plasma mass spectrometry
(ICP-MS) (R? = 0.974), highlighting its potential as a noninvasive platform for boron quantification and treatment
planning.>*

Cell-Penetrating Peptide (CPP)—Based Boron Delivery Systems

Cell-penetrating peptides (CPPs) have been utilized to enhance the intracellular delivery of sodium borocaptate (BSH).
CPP-BSH conjugates achieve up to a tenfold increase in nuclear accumulation relative to free BSH, significantly
amplifying BNCT-induced cytotoxicity.’®>® Radiolabeled derivatives, such as ®*Cu-labeled BSH-Tmr—3R, achieve T/
N ratios of up to 15.5 within 6 hours post-injection, underscoring their promise for integrated theranostic applications.>®
Hybrid Designs Based on BSH Modification

Chemical modification of BSH with 2-aminocyclobutane carboxylic acid (ACBC) facilitates LAT1-mediated uptake,
enhancing intracellular accumulation and prolonging tumor retention in glioma models. Concurrently, '*F~ACBC PET
imaging allows real-time monitoring of boron biodistribution, demonstrating its translational potential for clinical BNCT
guidance.>® Small-molecule boron agents primarily achieve tumor targeting through transporter- or peptide-mediated
uptake mechanisms. Nevertheless, rapid efflux, short intratumoral retention, and systemic exposure continue to limit their
therapeutic impact. Strategies involving polymer—boron conjugation, next-generation LAT1 substrates with integrated
imaging tracers, and CPP-functionalized BSH derivatives show considerable promise in overcoming these limitations. In
summary, the optimization of small-molecule boron agents through polymer conjugation, novel LAT1 substrates, and
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CPP functionalization has significantly improved tumor targeting and retention. However, their inherent constraints—
particularly in boron payload capacity, tumor tissue penetration, and systemic pharmacokinetics—present fundamental
barriers to further efficacy gains. To transcend these limitations, research has pivoted toward nanotechnology-based
delivery platforms. The following section examines nanocarrier-based strategies, which are engineered to offer high
payloads, enhanced tumor accumulation, and multifunctional integration, thereby addressing the core challenges of
small-molecule agents. A comparative summary of the key agents discussed in this section is provided in Table 2.

Nanocarrier-Based Boron Delivery Strategies

While small-molecule boron agents achieve tumor accumulation primarily through transporter-mediated uptake, their
therapeutic performance is limited by a constrained boron loading capacity and suboptimal intratumoral penetration.
Nanocarrier-based delivery systems, with their high boron payloads, tunable surface properties, and multifunctional
design, have emerged as a powerful strategy to overcome these limitations. Their design principles and performance
advantages are summarized below.

Lipid- and Polymer-Based Nanocarriers

Lipid-based and polymeric nanocarriers provide biocompatible and chemically versatile platforms for boron delivery.*®¢*
Systems incorporating boronated porphyrins or carborane cores have achieved intratumoral boron concentrations exceed-
ing 100 ppm, with tumor-to-normal tissue (T/N) ratios of 3—6 and tumor retention times ranging from 24 to 72 h. Many of
these formulations integrate dual-modality imaging functions, such as PET and fluorescence, enabling real-time treatment
planning and dosimetric assessment. However, their therapeutic efficacy remains strongly dependent on the EPR effect,
which is characterized by pronounced inter- and intra-tumoral heterogeneity. Consequently, nanocarriers relying solely on

passive targeting often show limited performance in poorly vascularized or fibrotic tumors.®®

Inorganic and Hybrid Nanocarriers

Inorganic nanomaterials—including boron nitride nanotubes (BNNTSs), boron carbide (B4C) nanoparticles, and zirco-
nium—tetrakis(carboxyphenyl)porphyrin (Zr—-TCPP) metal-organic frameworks (MOFs)—offer exceptionally high boron
loading capacities (>40 wt%) and structural tunability.** For instance, Zr—-TCPP MOFs have demonstrated intratumoral

Table 2 Comparative Properties of Small-Molecule Boron Agents and Optimization Strategies

Category | Representative | Targeting T/N Ratio Tumor Advantages Limitations Refs
Agent Mechanism Retention
Small BPA LAT | -mediated 2-3 Short Clinically approved; Rapid efflux [4, 8]
molecule transport (<2 h) BBB penetration
Small BSH Passive diffusion <2 Short Simple synthesis Low selectivity | [4, 8]
molecule
Polymer PVA-BPA, PEG- Efflux inhibition; 4-8 12-24 h Sustained release Complex [51, 52]
conjugate Lys-BPA prolonged synthesis
retention
Amino FBY LAT | -specific Approximately | >12 h PET-traceable Preclinical stage | [53-55]
acid uptake 10
analogue
CPP CPP-BSH CPP-mediated 1015 6-12 h High nuclear Potential [56-58]
conjugate nuclear delivery accumulation immunogenicity
BSH ACBC-BSH LAT I-mediated Improved Prolonged Combines high Preclinical stage | [59]
hybrid uptake B-loading with LATI
targeting
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boron concentrations of approximately 67 ppm and T/N ratios exceeding 6 in glioma models, while concurrently
providing intrinsic fluorescence and PET imaging capabilities. BNNTs exhibit preferential nuclear localization, thereby
enhancing a-particle—induced DNA double-strand break formation.> Despite these advantages, achieving a balance
between boron payload and biocompatibility remains a significant challenge. BNNTs and MOFs tend to exhibit long-
term biopersistence and accumulation within the reticuloendothelial system (eg, liver and spleen), with preclinical studies
indicating potential risks of chronic inflammation and fibrosis.®® The unresolved issues of biodegradability, clearance,
and long-term safety continue to hinder the clinical translation of these products.

Biomimetic Nanocarriers

Concerns regarding the biosafety of inorganic materials have spurred the development of biomimetic nanocarriers with
superior physiological compatibility. Biomimetic vesicles, including exosome-mimicking nanoparticles and virus-like
particles (VLPs), have recently gained attention as innovative boron delivery platforms.®” * These systems exhibit
intrinsic immune evasion, barrier penetration, and enhanced biodistribution characteristics, promoting efficient tumor
accumulation. Exosome-derived nanocarriers, in particular, display excellent biocompatibility and can be engineered
through antibody or ligand conjugation to achieve precise targeting while minimizing nonspecific protein corona
formation. Moreover, exosomes can serve as dual-function vehicles for co-delivering boron agents and immunomodu-
lators, simultaneously enhancing tumor-specific delivery and stimulating antitumor immune responses. This integrated
“delivery—immunity” paradigm offers a novel therapeutic direction for BNCT.”"”" Nonetheless, clinical translation
remains limited by complex and non-standardized fabrication procedures, batch-to-batch variability, and incomplete
understanding of in vivo kinetics and potential off-target effects.

Actively Targeted Nanoplatforms

Ligand-functionalized nanocarriers represent an advanced approach to improve the specificity and cellular internalization
of boron delivery systems. Surface modification with molecular targeting moieties—such as transferrin, folate, or
antibodies against EGFR and HER2—has been shown to significantly enhance tumor accumulation and perinuclear
localization significantly, achieving intratumoral boron concentrations exceeding 200 pg/g and T/N ratios of up to 40.”
However, the clinical translation of active targeting strategies is complicated by tumor heterogeneity in receptor
expression, which may result in non-uniform boron distribution and subtherapeutic “cold” zones. Additionally, the use
of monoclonal antibodies presents challenges in manufacturing, immunogenicity, and scalability.”**”* Future optimization
will likely focus on low—molecular—weight ligands such as peptides or affibodies, as well as pretargeting methodologies
that decouple tumor recognition from payload delivery—approaches that may enhance both specificity and pharmaco-
kinetic control. The diverse repertoire of active targeting mechanisms, including receptor-mediated and nuclear-directed
strategies, is schematically illustrated in Figure 3.

Nuclear-Targeted Nanocarriers

Given that BNCT efficacy is dictated by the proximity of '°B atoms to genomic DNA, nanoplatforms capable of nuclear
localization hold particular therapeutic importance. Nuclear localization signal (NLS)—functionalized liposomes, such as
DOX-CB@lipo—iRGD, have demonstrated a sixfold increase in nuclear boron accumulation, resulting in a twofold
improvement in survival in glioblastoma models. Additionally, these systems can be engineered to modulate immune
checkpoints (eg, CD47 silencing), thereby combining radiotherapeutic and immunomodulatory functions.'? Despite their
superior efficacy, challenges related to synthetic complexity, biosafety, and large-scale production must be addressed
before clinical implementation can occur.

Cell-Mediated Delivery Strategies

Parallel to the design of synthetic nanocarriers, the concept of cell-mediated delivery has emerged as a promising
alternative approach for overcoming biological barriers. Figure 4 schematically illustrates this concept. Importantly,
proof-of-concept for such a “living carrier” platform has been demonstrated in related fields: for example, stem cells
loaded with therapeutic nanoparticles have been shown to traverse the BBB and home to glioblastoma (GBM) lesions in
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receptor 2 (HER2), with corresponding carriers such as folic acid (FA)-modified liposomes, transferrin (TF)-conjugated boron nitride nanotubes (TF-BNNTSs), and anti-EGFR
antibody-functionalized boron carbide nanoparticles (B4C-ant-EGFR). Part Il, Monoclonal antibody-mediated targeting, exemplified by carcinoembryonic antigen (CEA)-
targeted constructs and '?*I-B-61-AuNPs. Part Ill, Nuclear targeting, such as CRISPR-Cas9 systems and DOX-CB@lipo-pDNA-RGD (a liposomal system co-loading
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tumor cell killing.

preclinical models of other therapies.”” This work provides a strong rationale and a technological blueprint for the future
development of stem cells loaded with boron-containing nanoparticles as a potential delivery system for BNCT,
particularly for treating intracranial tumors. Upon arrival at the tumor, such engineered cells could release their
therapeutic payload, potentially facilitating trans-barrier BNCT delivery.

Summary and Translational Perspectives

To translate the promising preclinical potential of nanocarriers into clinical reality, it is imperative to first systematically
contextualize their respective advantages and limitations. The following section will then examine the accumulated
clinical evidence to validate this translational promise. Nanocarrier-based boron delivery platforms enable high payload
capacity, extended tumor retention, and integration with multimodal imaging for precision-guided BNCT.”® Lipid and
polymeric carriers exhibit favorable clinical adaptability but rely heavily on the EPR effect. Inorganic and hybrid systems
offer ultrahigh boron content yet pose long-term biocompatibility concerns. Biomimetic nanocarriers combine immune
compatibility with targeting specificity but remain in early developmental stages. Active and nuclear-targeted systems
achieve unprecedented localization precision; however, tumor heterogeneity, immunogenicity, and manufacturing com-
plexity continue to limit their translation.
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The synergistic convergence of small-molecule optimization and nanotechnology-driven delivery defines the evolving
landscape of BNCT for refractory malignancies. Comparative analysis reveals distinct performance profiles: small
molecules such as BPA and BSH offer rapid delivery but low T/N ratios (2—3) and short retention (<2 h); polymer
conjugates and amino acid analogues (eg, FBY) improve T/N ratios to approximately 10 and extend retention to
12-24 h. In contrast, nanocarriers achieve substantial advances—Ilipid and polymer-based systems yield T/N ratios of
3—6 with 24-72 h retention, while inorganic/hybrid and biomimetic platforms reach ratios of 610 and 8-10, respectively.
Actively targeted and nuclear-directed platforms achieve T/N ratios as high as 40, representing the current benchmark in
tumor selectivity.

As summarized in Figure 5, a spectrum of boron delivery strategies—from small molecules to multifunctional
nanocarriers—has demonstrated enhanced tumor-targeted boron accumulation and therapeutic efficacy in preclinical
models. Looking ahead, future progress will depend on multimodal imaging—based dosimetry validation, adaptive
targeting strategies to address tumor heterogeneity, and scalable, Good Manufacturing Practice (GMP)-compliant
production processes to enable clinical translation. Key physicochemical characteristics and performance metrics of
representative nanocarrier systems are summarized in Table 3. The aforementioned preclinical advances systematically
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cytotoxicity and significantly prolongs survival in a mouse model of intracranial PCNSL. 2) High-grade glioma (GBM) and nonfunctioning pituitary adenomas (NFPA): FRa-targeted
'%B-enriched carbon nanospheres are efficiently internalized by NFPAs, inducing significant apoptosis upon thermal neutron irradiation; FA-3PCB (PMAO- and PEG-modified
liposomes encapsulating boron-enriched nanoparticles (3PCB) and near-infrared fluorophore Cy5) achieves a tumor boron concentration of 15.6+2.1 pg/g, surpassing non-targeted
liposomes and normal brain tissue (5.2+0.9 pg/g) with a tumor-to-normal brain ratio of 6.2:1, prolonging survival. 3) Other tumors: Malignant melanoma, primary synovial sarcoma,
cervical cancer, and locally recurrent colorectal cancer also benefit from BNCT. (B) Targeted Boron Delivery Strategies and Efficacy in Glioma and Other Tumor Types. |)
Schematic representation of folate receptor (FR)-targeted boron delivery system (FA-3PCB). Surface modification with folic acid enables specific recognition and internalization
into FR-overexpressing glioma cells, facilitating efficient boron accumulation within the tumor tissue. 2) Boron delivery and therapeutic efficacy in glioma models. FA-3PCB achieves
a high tumor boron concentration with a tumor-to-normal brain (T/N) ratio of 6.2:1. Following thermal neutron irradiation, significant apoptotic cell death is induced, resulting in
prolonged survival in experimental glioma models. 3) Extension of BNCT to other refractory solid tumors. Boron-based agents have also demonstrated promising accumulation and
therapeutic potential in several other tumor types, including malignant melanoma, primary synovial sarcoma, cervical cancer, and locally recurrent colorectal cancer, supporting the
broader applicability of BNCT beyond gliomas. (C) Efficacy of nanomaterials in tumor-bearing mice: 1) The A6K peptide forms a novel boron agent with BSH, achieving a tumor
boron concentration of 24.8 pg/g and a T/N ratio of 2.8. 2) Parthenolide-encapsulated boron nitride nanoparticles (PTL@BNNPs) show favorable tumor accumulation (6.18%
+2.18% ID/g at 24 hours post-injection) and a high tumor-to-background uptake ratio (tumor/blood: 2.71+0.96). 3) Anti-EGFR-'°BPO, NPs (boron phosphate nanoparticles
enriched with '°B, modified with polyacrylic acid and anti-EGFR antibodies) achieve a tumor boron concentration of 63 pg/g and a tumor/blood ratio of 4.27 following tail vein
injection. All agents meet or exceed the BNCT therapeutic threshold for effective tumor ablation.
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Table 3 Comparison of Nanocarrier Platforms for BNCT

Nanocarrier | Representative Boron T/N Ratio | Key Features Advantages Limitations Refs
Type System Loading
(wt%)

Lipid/Polymer- | CB@liposome, 10-20 3-6 EPR effect + PET/fluorescence dual- Biocompatible; Clinically adaptable; Firm reliance on the EPR effect; [60-63]
based polymeric micelles, modality imaging; Controlled release Prolonged circulation Limited efficacy in heterogeneous

SGB complex tumors
Inorganic/ BNNT, B4C, Zr- >40 6-8 MR/PET dual imaging; Nucleus Ultrahigh boron loading; Potential for Poor biodegradability; Long-term | [64-66]
Hybrid TCPP MOF proximity; Versatile functionality combinational therapy biocompatibility concerns (eg,

chronic inflammation)
Biomimetic Exosomes, VLPs 10-15 8-10 Immune evasion; Self-targeting; Co- Excellent biocompatibility; Barrier- Complex fabrication; Early stage [67-69]
delivery of immunomodulators penetrating potential; Potential for of development
immunotherapy integration

Active Ligand/antibody- 5-20 Up to 40 Receptor-mediated targeting (eg, High specificity and tumor Heterogeneous receptor [72-74]
targeting modified NPs (eg, EGFR, HER2, FRa); Enhanced cellular | accumulation expression; Immunogenicity risk;

anti-EGFR, FA-3PCB) uptake Complex manufacturing
Nuclear DOX-CB@lipo— 10-15 >10 Nuclear localization; Enhanced DNA Strong cytotoxicity; Doubled survival in | Complex synthesis; Biosafety and | [12]
targeting iRGD, NLS- damage; Combinable with gene editing | GBM models scalability concerns

functionalized or immunotherapy

liposomes

Notes: @ denotes “loading or conjugation”, where CB@liposome refers to a boron delivery system formed by loading carborane (CB) onto liposomes; DOX-CB@Iipo—iRGD denotes a liposomal system co-loading doxorubicin (DOX)

and carborane (CB), with iRGD ligand modification.
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compare various boron delivery strategies, from traditional small molecules to multifunctional nanocarriers, highlighting
the immense potential of nanotechnology in enhancing tumor targeting. While the preclinical data for nanocarrier-based
BNCT are promising, their ultimate value is determined by clinical outcomes in patients. Therefore, to critically assess
the translational potential of these platforms and to establish the real-world impact of BNCT, the following section shifts
focus to a systematic review of exploratory studies and accumulated clinical evidence across refractory malignancies.

Exploratory Studies and Clinical Evidence of BNCT in Refractory

Malignancies

Despite substantial progress in multimodal cancer therapies, many malignancies remain refractory to conventional
treatment regimens. Their intrinsic anatomical complexity, aggressive invasiveness, and pronounced resistance to
chemo- and radiotherapy contribute to suboptimal therapeutic outcomes and poor prognoses. For example, central
nervous system (CNS) tumors are shielded by the BBB, head and neck cancers are anatomically constrained by

proximity to radiosensitive organs,’’

and advanced breast cancers with skeletal metastases often pose significant
therapeutic and safety challenges.”®

BNCT has demonstrated a favorable therapeutic index across diverse tumor types, offering highly selective cyto-
toxicity toward malignant cells while minimizing collateral injury to normal tissues. However, wider clinical adoption
will depend on continued validation through rigorously designed trials, optimization of treatment protocols, and

refinement of boron delivery platforms to ensure reproducibility, safety, and efficacy.

Recent Developments and Clinical Outcomes of Accelerator-Based BNCT
(AB-BNCT)

The transition from reactor-based to accelerator-based neutron sources has significantly enhanced the clinical accessi-
bility and scalability of BNCT, leading to an expansion of patient cohorts and the accumulation of clinical evidence. In
recurrent head and neck squamous cell carcinoma (HNSCC), a multicenter Japanese trial demonstrated that AB-BNCT
with borofalan ('°B) achieved an objective response rate (ORR) of 71% and a complete response (CR) rate of 45% in
heavily pretreated patients, with manageable cutaneous toxicity as the principal adverse event.”” Similarly, in glioblas-
toma, Phase II data using cyclotron-generated neutrons and BPA reported a median overall survival (OS) of 15.6 months,
outperforming historical bevacizumab controls.*"

Encouraging results have also been observed in other malignancies. In cutaneous melanoma and angiosarcoma, AB-
BNCT achieved CR rates exceeding 80%, accompanied by favorable cosmetic preservation and functional recovery,
emphasizing its suitability for superficially localized tumors.”® Early-phase investigations are also exploring its use in
breast cancer skin metastases and hepatocellular carcinoma, leveraging novel boron carriers to overcome prior pharma-
cokinetic limitations.”® Collectively, these outcomes underscore the evolution of BNCT from an experimental approach
toward a clinically translatable therapy for radioresistant cancers.

BNCT in Central Nervous System Malignancies
Since 2004, the introduction of BPA, a boron carrier capable of crossing the BBB and selectively accumulating in tumor
cells, has facilitated the transition of BNCT from intraoperative to noninvasive management of glioblastoma
multiforme.®' Kageji et al reported a median survival of 19.5 months and 2-, 3-, and 5-year survival rates of 31.8%,
22.7%, and 9.1%, respectively, in GBM patients treated with BNCT, representing a meaningful survival benefit.?? In
a subsequent phase II study, Zhang et al demonstrated that BPA-BNCT achieved superior efficacy compared with
bevacizumab monotherapy in recurrent GBM, with 1-year survival rates of 79.2% versus 34.5% and median OS of 18.9
versus 10.5 months, respectively.®

In primary CNS lymphoma (PCNSL), overexpression of the L-type amino acid transporter 1 (LAT1) enables targeted
boron uptake via BPA.** Using an intracranial PCNSL model, Yoshimura et al demonstrated efficient tumor accumula-
tion and extended survival following BPA-BNCT, suggesting its potential utility in recurrent or refractory PCNSL.**
BNCT has also shown therapeutic promise in nonfunctioning pituitary adenomas (NFPA), utilizing dual targeting of
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pituitary-selective and folate receptor-o. (FRa) pathways.®® Dai et al reported that FRo-targeted '°B-enriched carbon
nanospheres achieved effective cellular internalization and induced marked apoptosis upon neutron irradiation, support-

ing BNCT’s feasibility for benign yet invasive pituitary tumors.*®

BNCT in Head and Neck, Cutaneous, and Soft Tissue Malignancies
In head and neck squamous cell carcinoma, clinical studies have demonstrated the efficacy of BNCT.*” In a clinical series
reported by Koivunoro et al, among 69 evaluable patients, 25 achieved CR, 22 partial response (PR), 17 stable disease, and
only 5 disease progression.®® Hirose et al further reported a 2-year overall survival rate of 100% in 13 patients with recurrent or
locally advanced nonsquamous carcinomas treated with BPA-BNCT.* Using AB-BNCT, Igaki et al achieved complete
remission in two cases of scalp angiosarcoma, with no dose-limiting toxicities observed during 15-20 months of follow-up.”
Beyond CNS and head and neck malignancies, BNCT has demonstrated promising efficacy in cutaneous and soft
tissue tumors. Between 1987 and 2002, Cruz et al treated 22 melanoma patients with BPA-BNCT, achieving CR and PR
rates of 68.2% and 23.0%, respectively, with tolerable dermatologic toxicity.”® Fujimoto et al reported partial remission
of synovial sarcoma following two BNCT sessions, with complete resection and no recurrence at 6 months.”' Likewise,
Fukuda et al observed complete remission in three patients with extramammary Paget’s disease (EMPD), achieving
durable local control with only transient moderate skin reactions.””

BNCT in Breast Cancer and Emerging Indications

Although still in early stages of clinical evaluation, preclinical studies suggest that BNCT holds significant promise in
managing metastatic breast cancer. In a murine tibial metastasis model, Andoh et al demonstrated that BPA preferentially
accumulated within metastatic lesions, where BPA-BNCT effectively suppressed tumor growth, mitigated osteolytic
damage, and promoted bone remodeling without injuring the surrounding normal bone.”® These findings underscore the
potential of BNCT as a precision-guided treatment modality for metastatic and refractory solid tumors.

Summary and Clinical Outlook
Cumulative preclinical and clinical evidence support BNCT as a highly selective and effective therapeutic strategy for treatment-
refractory malignancies. In CNS tumors, BNCT achieves durable disease control by penetrating the BBB and targeting invasive
gliomas, PCNSL, and NFPA. In head and neck cancers, it provides precise tumor targeting with minimal toxicity to critical
normal tissues. Promising responses in melanoma, sarcoma, EMPD, and emerging indications such as breast cancer further
highlight its expanding therapeutic reach. Overall, BNCT demonstrates an encouraging balance of efficacy and safety across
tumor types. However, achieving full clinical adoption requires addressing two core translational challenges: optimizing delivery
systems for greater specificity and efficiency, and establishing standardized dosimetric and safety frameworks, which are the
focus of the following sections. A concise summary of representative clinical and preclinical outcomes is provided in Table 4.
The cumulative preclinical and clinical evidence solidly positions BNCT as a viable and selective therapy for
refractory malignancies. However, its widespread adoption is contingent upon overcoming two core translational
challenges: optimizing delivery systems for greater specificity and efficiency, and establishing standardized dosimetric
and safety frameworks. The following sections will first delve into the optimization strategies and persisting barriers
associated with BNCT delivery systems.

Optimization of BNCT Delivery Systems and Barriers to Clinical

Translation

As BNCT transitions from preclinical evaluation toward broader clinical implementation, two principal challenges
emerge: (1) further optimization of delivery systems, and (2) addressing system-level translational barriers. The first,
encompassing strategies to enhance delivery specificity and overcome key bottlenecks, will be discussed in the section
“Optimization of BNCT Delivery Systems and Barriers to Clinical Translation.” The second, which includes challenges
in dosimetry, safety, and manufacturing, will be addressed in the subsequent section, “Translational Challenges and
Technical Frontiers in BNCT Dosimetry and Safety.”
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Table 4 Clinical and Representative Preclinical Outcomes of BNCT in Refractory Tumors

Tumor Type Sample Boron BNCT Primary Efficacy/Outcome Adverse Events Refs/
Size (n) Agent Modality Notes
Glioblastoma Clinical BPA Reactor-based Median OS: 19.5 months; 2-/3-/5-yr OS: | Mild cerebral edema | [85]
(GBM) Series 31.8%, 22.7%, 9.1%
Recurrent GBM Clinical Trial | BPA Accelerator- Median OS: 15.6 months (superior to Not Specified [83]
(Phase II) based (AB- historical controls)
BNCT)
Recurrent Head & | 69 BPA Clinical ORR: 68%; CR: 36% (25/69) Mainly mild skin [9o1]
Neck SCC (Multicenter) reactions
Recurrent Head & | Multicenter | Borofalan | Accelerator- ORR: 71%; CR: 45% Predominantly [82]
Neck SCC (AB- Trial (‘°B) based (AB- cutaneous toxicity
BNCT) BNCT)
Cutaneous 22 BPA Reactor-based CR + PR =91.2% (CR 68.2%, PR 23.0%) | Manageable [93]
Melanoma dermatologic toxicity
Scalp 2 (Case Boron Accelerator- Complete Remission in both patients No dose-limiting [79]
Angiosarcoma Reports) Agent based (AB- toxicities (15-20 mo
BNCT) follow-up)
Primary CNS Preclinical BPA Experimental Efficient tumor boron uptake; Prolonged | No severe toxicity [87]
Lymphoma (Murine) (BNCT) survival reported
(PCNSL)
Extramammary 3 (Case BPA Clinical BNCT Complete Remission in all 3 patients Transient moderate [94]
Paget’s (EMPD) Series) skin reactions
Synovial Sarcoma | (Case BPA Reactor-based Partial Remission after two sessions Not Specified [95]
Report) (Compassionate)
Breast Cancer Preclinical BPA Animal BNCT Inhibited tumor growth, mitigated No damage to [96]
(Bone Metastasis) | (Murine) Model osteolytic destruction, and promoted adjacent healthy bone
bone remodeling

Optimization of Delivery Specificity

The selective accumulation of boron agents within tumor tissues is the cornerstone for maximizing therapeutic efficacy
while minimizing systemic toxicity in BNCT. Enhancing tumor targeting can be achieved not only by rationally
engineering the delivery vehicles themselves but also through pretargeting approaches that decouple tumor recognition
from boron delivery.

Ligand-Modified Targeting Strategies

Compared with non-specific uptake pathways such as passive diffusion or phagocytosis, receptor-mediated endocytosis
offers superior selectivity and cellular internalization efficiency. Covalent conjugation of tumor-specific ligands—
including small molecules, peptides, antibodies, or antibody fragments—to the surface of nanocarriers enables targeted
recognition of overexpressed receptors on tumor cells and facilitates enhanced boron accumulation.

For instance, Singh et al developed folic acid (FA)-modified liposomes (FA-3PCB) that exploit the overexpression of
folate receptors on C6 glioma cells. This design achieved markedly improved tumor cell uptake, boron accumulation, and
BBB penetration.”” Similarly, Kuthala et al engineered anti-EGFR antibody-conjugated '’B-containing phosphate
nanoparticles (‘°BPO, NPs), leveraging the high EGFR expression in head and neck cancers to achieve superior
cytotoxicity and tumor control compared with BPA-F-mediated BNCT.** Furthermore, Kawai K and Tsujino
K demonstrated that conjugation of cyclic RGD peptides (¢cCRGD) to boronated compounds, such as MID-BSA and MID-
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AC, can specifically target avps integrins, which are highly expressed in tumor cells and the neovasculature.”®*” These
studies collectively affirm that ligand modification is a key strategy for enhancing BNCT selectivity, tumor penetration,
and therapeutic precision.

Pretargeting Strategy
The pretargeting strategy leverages bioorthogonal click chemistry, specifically the inverse electron-demand Diels—Alder
(IEDDA) reaction between trans-cyclooctene (TCO) and tetrazine (Tz).”® This reaction exhibits exceptionally rapid

kinetics (with rate constants up to 10°-10° M~'s~!

) and high bioorthogonality, outperforming other bioorthogonal
pairs.”® These properties enable the efficient anchoring of boron-loaded nanocarriers at pre-localized tumor sites.

A key advantage of this approach is the physical separation of the targeting ligand from the therapeutic payload. This
decoupling allows for independent optimization of their respective pharmacokinetics, thereby enhancing overall delivery
precision. An optimal pretargeting interval—defined as the time delay between antibody and nanocarrier administration
—typically ranges from 24 to 72 hours.'®’ During this interval, unbound TCO-modified antibodies are systematically
cleared from the body, primarily through renal excretion. For instance, the CC49-TCO conjugate exhibits a half-life of
approximately 18 hours in mice, with its blood concentration decreasing to less than 5% of the peak level by 72 hours.'®

Furthermore, administering a clearing agent (eg, Tz-functionalized dextran polymers'®") before nanocarrier injection
can sequester any residual circulating TCO-antibodies. This step significantly improves the tumor-to-normal tissue (T/N)
boron concentration ratio. This strategy can elevate the T/N ratio to approximately 40:1, a substantial improvement over
the approximately 10:1 ratio typically achieved with conventional direct targeting.'®’ The enhanced selectivity thereby
mitigates the risk of boron-associated toxicity in normal tissues such as bone marrow and kidneys.

The pretargeting procedure involves two key steps. First, a TCO-functionalized monoclonal antibody (mAb) targeting
a tumor-associated antigen is administered, facilitating its selective accumulation at the tumor site.'®® For instance, in
colorectal cancer models overexpressing carcinoembryonic antigen (CEA), a TCO-modified anti-CEA monoclonal
antibody (mAb) demonstrated high tumor uptake, with unbound antibodies being efficiently cleared within 24 to 72
hours.'® Similarly, for targeting CA19.9 in pancreatic cancer, the TCO-functionalized 5B1 antibody achieved a tumor-to
-blood concentration ratio of 15-20 at 72 hours, establishing a solid foundation for subsequent nanocarrier docking.'** In
HER2-positive models, TCO-conjugated trastuzumab retained its binding affinity and was effectively internalized.'®

In the second step, a tetrazine (Tz)-functionalized boron-enriched nanocarrier is administered. This modular design is
compatible with diverse delivery platforms, including liposomes and polymeric nanoparticles, regardless of their intrinsic

106

targeting capabilities. For example, cationic boron-rich liposomes can be surface-engineered with Tz groups, ~ while

supramolecular boron carriers may utilize Tz-functionalized cyclodextrin-boron complexes.'®’

Among various platforms, gold-based nanocarriers offer several advantages, including chemical inertness, low
biotoxicity, and facile surface functionalization. In A431 squamous cell carcinoma models, Tz-functionalized boron-
enriched gold nanoclusters resulted in an 8- to 12-fold increase in intratumoral gold content compared to passive delivery,
with boron levels meeting the requirements for effective BNCT.'”® Beyond gold, Tz-modified boron-doped carbon
nanotubes yielded a boron concentration in HT29 colorectal xenografts 25-fold higher than in normal intestinal
tissue.'>"'? Similarly, Tz-functionalized HPMA copolymer-based nanoparticles demonstrated prolonged tumor reten-
tion, exceeding 72 hours, in pancreatic cancer models.'"!

Boron-incorporated gold nanoparticles represent a promising theranostic platform, characterized by their pronounced
chemical inertness and inherent biocompatibility. Their robust resistance to oxidative degradation under physiological
conditions, coupled with surface functionalization via PEGylation, effectively confers stealth characteristics by attenuat-
ing uptake by the reticuloendothelial system. Furthermore, comprehensive long-term toxicological assessments revealed
no statistically significant deviations in standard hepatic and renal function biomarkers following the administration of
Tz-boron-gold nanoparticles. These findings collectively support the biocompatibility of this nanoconstruct and
strengthen its potential for safe clinical translation.''*''

Despite these merits, the pretargeting methodology is confronted by several translational hurdles. A primary concern
is the intrinsic instability of its constituent molecules; notably, trans-cyclooctene (TCO) undergoes isomerization to its

less reactive cis-cyclooctene (CCO) form, with conversion rates observed at 30—40% over 24 hours. This degradation
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process, which specific conjugation chemistries may further accelerate, can result in a substantial 25-30% reduction in
tetrazine (Tz) binding efficiency, thereby compromising the overall efficacy of the strategy.''”> Second, tetrazine probes
exhibit suboptimal pharmacokinetics; hydrophobic variants are prone to hepatic sequestration, while their hydrophilic
counterparts suffer from poor tumor penetration and potential ligand dissociation.''®

Third, nanocarrier applications are constrained by significant reticuloendothelial system (RES) uptake and inadequate
penetration into dense tumor stroma. This results in predominantly superficial accumulation and subtherapeutic boron
concentrations in the tumor core.''>''® Finally, operational complexity and immunogenic risks pose additional hurdles.
Clearing agents may reduce tumor uptake and can induce hypersensitivity reactions, while humanized antibodies may
elicit human anti-human antibody (HAHA) responses, which can complicate repeated administration.””'"” Clinical
translation is further hampered by the need to optimize multiple system-specific variables without a universal predictive
model, thereby escalating the cost and duration of dose-finding studies.'®""''*

In summary, the continued refinement of ligand-directed and pretargeted delivery platforms is critical for advancing
BNCT toward clinical translation. Future work should prioritize the stabilization of bioorthogonal components, the
rational design of nanocarriers with improved tumor penetration and systemic clearance, and the establishment of

standardized protocols for dosimetry and immune safety assessment.

Key Bottlenecks and Optimization Strategies for Enhancing Delivery Efficiency

Efficient delivery of boron agents to tumor sites remains the central determinant of therapeutic success in BNCT. In clinical
translation, delivery efficiency is constrained by multiple factors, including achieving sufficient boron atom loading, precise
control of release kinetics, and effective navigation through the complex physiological and biological barriers of the tumor
microenvironment. These parameters critically influence intratumoral boron accumulation, tumor selectivity, and, ultimately,
the therapeutic efficacy and safety during neutron irradiation. This section systematically discusses three major bottlenecks
limiting delivery efficiency—boron loading, controlled release, and barrier penetration—and presents corresponding optimi-
zation strategies aimed at establishing a more efficient and precise BNCT delivery platform.

Increasing Boron Loading

Effective BNCT requires sufficient boron accumulation in the tumor, typically exceeding 20 pg/g of tissue, with high
tumor-to-normal tissue (T/N) and tumor-to-blood (T/B) ratios. Conventional delivery systems, such as liposomes, often
exhibit limited loading capacity, which makes it challenging to achieve the high boron concentrations required.
Optimization strategies have focused on employing high-capacity nanocarriers, such as dendrimers or mesoporous silica
nanoparticles, or designing novel boron-containing compounds.

Nakamura H et al developed a liposome-based boron delivery system (Boron Delivery System, BDS) that addresses
these challenges by encapsulating boron within the aqueous core or incorporating it into the lipid bilayer. Various boron-
containing liposomes designed under this framework have demonstrated substantial boron accumulation in tumor tissues
and high T/B ratios, showing potential to meet the pharmacological demands of BNCT.'"

Controlling Release Kinetics

Precisely regulating the release kinetics of boron agents is another key challenge for optimizing BNCT efficacy. Rapid
release may result in premature clearance from circulation (eg, free '°BA exhibits a short half-life of approximately
2.1 hours). In contrast, slow release may prevent achieving effective intratumoral concentrations (=20 pg/g) within the
neutron irradiation window (typically 24—48 hours).

To address this, microenvironment-responsive release systems have been developed. For instance, Huang et al
engineered PEO/PLA block copolymer nanofibers (55-100 nm in diameter) capable of dual-phase release kinetics.'*
By modulating the hydrophilic-to-hydrophobic ratio (PEO/PLA = 3:2), the system released 44.4% of '°BA within
12 hours, rapidly elevating the tumor boron concentration, followed by sustained release (53.5% over the next
24 hours) to maintain therapeutic levels. The electrospun nanofiber network (porosity 78 + 5%) combined the enzymatic
degradability of PLA and the swelling behavior of PEO, achieving a tumor boron concentration of 2540 pg/g (T/B ratio
80.6) in H22 tumor-bearing mice—far exceeding the BNCT threshold. Mechanistic studies revealed that this controlled-
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release approach induced extensive DNA double-strand breaks, as quantified by the comet assay (TailDNA% = 78.9%,
indicating severe DNA fragmentation), and mitochondrial membrane potential collapse (A¥m reduction 62%), yielding
3.8-fold greater efficacy and extending median survival beyond 75 days compared to free '’BA."*° This material-
interface-engineered strategy effectively integrates boron loading, release modulation, and therapeutic enhancement,
providing a comprehensive solution for localized BNCT applications, particularly in the treatment of postoperative
residual tumors.

Overcoming Tumor Delivery Barriers

Efficient boron delivery necessitates overcoming dual-level barriers. At the tissue level, physiological constraints—such
as the blood-brain barrier (BBB), dense tumor stroma, and elevated interstitial fluid pressure—impede nanoparticle
penetration and accumulation in deep tumor regions. At the cellular level, limited membrane permeability, efflux pump
overexpression, and endosomal entrapment further restrict intracellular retention of boron compounds.'?! !4

To bypass the BBB, Kusaka S et al employed a cerebrospinal fluid (CSF)-based delivery approach for boronophe-
nylalanine (BPA) in a C6 glioma rat model.'*> By harnessing CSF—interstitial fluid exchange dynamics through subdural
infusion of BPA (8 mg/kg/h for 2 hours), this strategy achieved tumor boron concentrations of 2540 pg/g—comparable to
intravenous administration at 350 mg/kg—while markedly reducing boron accumulation in normal tissues (eg, oral
mucosa boron levels decreased by 82%). Mechanistically, CSF-mediated transport enhanced BPA penetration via
aquaporin-4 (AQP4)-driven astrocytic flow. Within 24 hours post-treatment, boron levels in normal brain parenchyma
declined rapidly (78% reduction vs 35% in the intravenous group), minimizing healthy tissue exposure. Both delivery
routes achieved comparable tumor suppression, but CSF administration resulted in faster recovery (5% vs 20% body
weight loss at one week).'*> These findings establish CSF circulation delivery as a low-dose, high-selectivity method for
penetrating the BBB, offering a promising paradigm for BNCT in brain tumors. Beyond pharmacological and physical
circumvention strategies, biological approaches leveraging cell-based “living carriers” also represent a promising avenue
to overcome the BBB, as discussed in the context of cell-mediated delivery concepts.

Collectively, these three optimization strategies—enhanced boron loading, controlled release kinetics, and barrier
circumvention—provide targeted solutions to overcome the major delivery bottlenecks in BNCT. The integration of these
approaches is expected to advance the development of next-generation, high-efficiency, and precision-oriented BNCT
delivery systems. The key bottlenecks and corresponding optimization strategies are summarized in Table 5.

Translational Challenges and Technical Frontiers in BNCT Dosimetry and Safety
Quality and Characteristics of Neutron Sources

The therapeutic efficacy and safety of BNCT are highly dependent on the quality and core characteristics of the neutron
source, which determine the precision, safety, and clinical accessibility of treatment—a relationship validated by multiple
multicenter studies. Clinically utilized neutron sources can be broadly classified into two categories: reactor-based and
accelerator-based systems.'*®

Reactor-based neutron sources, such as Japan’s JRR-4, generate high thermal neutron fluxes (approximately 2.3 x

10'? n/(cm? s)) via nuclear fission. These are subsequently moderated (eg, by lithium fluoride—graphite moderators) and

Table 5 Optimization Strategies to Enhance BNCT Delivery Efficiency

Delivery Optimization Strategy Representative System | Key Results Ref.
Bottleneck

Low Boron High-capacity nanostructures (eg, Liposome-based Boron Tumor boron >20 pg/g; High T/B ratio [119]
Loading dendrimers, mesoporous silica) Delivery System (BDS)

Release Stimuli-responsive release (pH/ PEO/PLA block copolymer | Biphasic release (44.4% in 12 h + 53.5% in [120]
Kinetics enzymatic) nanofibers 24 h); T/B = 80.6; 3.8 efficacy gain

Barrier Circumvention of physiological barriers CSF infusion of BPA Tumor boron 2540 pg/g; 82% reduction in [125]
Penetration (eg, BBB, dense stroma) normal tissue uptake
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filtered (eg, using Pb—Bi alloy filters) to produce clinical-grade epithermal neutron beams (epithermal fraction >85%)."?’

Their principal advantage lies in their high neutron flux and uniform energy spectrum, which laid the foundation for early
BNCT clinical investigations. However, their inherent limitations—including large physical footprint (>500 m?), strin-
gent nuclear safety regulations (IAEA level 2 compliance), and extremely high capital and maintenance costs (>
$30 million per system; approximately $2 million annually)—render them impractical for widespread hospital imple-
mentation, thus constraining clinical translation.

In contrast, accelerator-based BNCT (AB-BNCT) systems produce neutrons through proton—target nuclear reactions
—typically by accelerating protons (15-25 MeV) to bombard beryllium (°Be) or lithium ("Li, 0.5-1 mm thick) targets,
triggering (p,n) reactions ['Li(p,n)'Be or *Be(p,n)’B].'** This approach represents the current mainstream direction of
BNCT research and clinical application. AB-BNCT systems offer a compact design (footprint < 150 m?), compatibility
with hospital infrastructure, and superior radiation shielding (borated polyethylene + lead composites, ambient dose <
0.1 uSv/h). Clinical studies have reported a 40% reduction in adverse event incidence compared to reactor-based
systems, with no Grade 3 or higher events observed within 90 days post-treatment. Moreover, neutron energy spectra
can be tuned to match tumor types (eg, 0.5-1 eV for breast cancer; 1-5 eV for brain tumors). Recent clinical trials
demonstrated objective response rates up to 71%, highlighting the translational potential of AB-BNCT as a precision
radiotherapeutic platform for refractory malignancies.

Challenges in Dosimetric Standardization

The dosimetry of BNCT is fundamentally dependent on the real-time spatiotemporal distribution of boron-10 within
tissues. However, a significant clinical limitation persists due to the absence of technologies capable of online, real-time,
and quantitative monitoring of boron concentration. While nano-engineered boron delivery systems have demonstrated
superior tumor targeting and prolonged retention in preclinical studies, their clinical translation is hampered by several

key challenges:*®-'#%-13°

(1) the lack of a unified dosimetric standard for nanocarriers; (ii) potential long-term safety and
immunogenicity concerns; and (iii) difficulties in achieving scalable and compliant manufacturing processes. In response,
researchers are developing boron imaging techniques, such as Prompt Gamma-ray SPECT (PG-SPECT) or MRI-based
methods, for integration into treatment planning systems to enable more accurate dose control.'*!

It is crucial to acknowledge that the pharmacokinetics and biodistribution profiles of nanocarriers—characterized by
heterogeneous intratumoral distribution, ligand-mediated cellular uptake, and prolonged retention times—are fundamen-
tally distinct from those of small-molecule boron agents, such as BPA and BSH. Consequently, traditional BNCT
dosimetric models, which assume uniform boron distribution, are inadequate for nanocarrier-based delivery systems. For
instance, the dosimetry for nuclear-targeting agents (eg, DOX-CB@lipo-pDNA-iRGD) necessitates the development of
subcellular-level models that correlate boron proximity to the nucleus with DNA damage efficiency, moving beyond
reliance on average tissue concentration alone.'*’

Furthermore, the integration of quantitative boron imaging techniques—such as PET with '®F-BPA, MRI, or
emerging neutron capture imaging (NCI)—into real-time treatment planning is currently impeded by a lack of standar-
dized protocols.'*? The discrepancy between imaging signals (eg, PET SUV values) and the actual boron concentration
measured via gold-standard methods, such as ICP-MS, critically undermines the comparability of results across different
institutions.'*>* Therefore, the establishment of validated, imaging-informed dosimetric protocols is imperative to realize

personalized BNCT and facilitate robust multi-center clinical trials.

Long-Term Biocompatibility and Safety Considerations

Long-term biodistribution of nanocarriers poses potential risks of chronic toxicity, as many boron nanostructures—such
as boron nitride nanotubes (BNNTSs), metal-organic frameworks, and nondegradable polymers—tend to accumulate in
reticuloendothelial system organs (liver, spleen, kidneys). Such persistence may elicit chronic inflammatory or fibrotic
responses.’® For example, rodent studies using BNNTs have reported sustained inflammation and fibrosis even at
therapeutic doses, underscoring the urgent need for long-term (6—12 months) toxicological evaluation. To date, compre-
hensive chronic safety assessments remain largely absent from BNCT nanocarrier development, representing a critical
knowledge gap.

20 https: International Journal of Nanomedicine 2026:21



Ma et al

Immunogenicity

Surface engineering strategies—such as PEGylation, antibody conjugation, or peptide ligand decoration—while optimiz-
ing drug delivery properties, frequently elicit unintended immune responses. The generation of anti-drug antibodies
(ADA) represents a significant clinical risk, significantly impacting therapeutic efficacy.”” Studies indicate that approxi-
mately 20% of patients receiving PEGylated liposomes develop anti-PEG antibodies, which can accelerate blood
clearance and directly compromise treatment outcomes. Notably, screening of plasma samples from a German cohort
revealed an anti-PEG antibody positivity rate of up to 83%. Moreover, anti-PEG antibodies are specifically enriched in
the protein corona of PEGylated nanocarriers, enhancing their uptake by macrophages and thereby counteracting the
intended stealth effect of PEGylation."** Similarly, ADAs generated against engineered targeting moieties, such as
cetuximab displayed on liposomal surfaces, can provoke hypersensitivity reactions or neutralize the targeting capability
of the drug, further limiting therapeutic utility.”* Additionally, immunogenicity risks associated with antibody-drug
conjugates (ADCs) may arise from multiple structural components, including the antibody scaffold, linker, and payload,
where heterogeneity or degradation products can trigger immune activation, affecting both safety and efficacy.'*

Insights from pathogen transmission interception strategies, which target “pathogen-carrier nodes,” suggest that
effective immune intervention does not necessarily rely on the most immunogenic targets, but can be rationally optimized
through chemical conjugation technology.'>® When the pathogen carrier is immunogenic, conjugation can be designed to
enhance targeted immune responses and block pathogenesis; conversely, to avoid hypersensitivity, conjugation strategies
may be employed to induce immune tolerance, offering a versatile approach to immune modulation."*” This concept
holds relevance for cancer immunotherapy, particularly in the context of BNCT. The high-linear energy transfer alpha
particles generated during BNCT induce irreversible DNA double-strand breaks and cell membrane damage, leading to
immunogenic cell death (ICD). Dying cancer cells release damage-associated molecular patterns (DAMPs)—such as
ATP, HMGBI, and calreticulin—along with a spectrum of tumor-associated antigens and neoantigens. Neoantigens
arising from tumor-specific mutations can be presented via human leukocyte antigen (HLA) molecules to immune cells,
providing precise targets for immune recognition and helping overcome tumor immune evasion.'**

However, the efficacy of conventional boron delivery agents has been limited by suboptimal tumor targeting and
insufficient intracellular boron accumulation. While emerging protein-based delivery systems offer a promising solution
to these bottlenecks, they face development challenges related to their intrinsic immunogenicity and the potential
induction of ADAs. Such antibodies can not only reduce the bioavailability of the delivery system but also provoke
immune-related adverse events.'*” It is noteworthy that secondary lymphoid organs, particularly B cell follicles and
germinal centers, serve as critical anatomical sites for ADA generation. The collaborative interaction between follicular
helper CD4" T cells and germinal center B cells dictates the magnitude and persistence of the antibody response.'*’
Therefore, co-delivery of immune adjuvants during BNCT could potentiate the activation of antigen-presenting cells
(APCs) and T cells, amplify ICD-triggered immune signaling, and promote germinal center reactions. This approach may
foster a more robust and sustained anti-tumor T cell and B cell (antibody) response, while mitigating the risks associated
with nonspecific immune activation.'*'

The inherently low immunogenicity of cancer cells remains a central barrier in cancer immunotherapy. Enhancing
tumor immunogenicity requires a balanced consideration of efficacy, specificity, and safety. Although conventional
therapies can augment immunogenicity by increasing antigen expression or inducing ICD, they often suffer from
inadequate targeting and significant off-target effects.'*> BNCT offers the advantage of modulating ICD intensity and
inflammatory levels by adjusting the neutron irradiation dose, although the long-term safety of repeated applications
requires further evaluation.'*® Nanomedicines provide a promising avenue for addressing these challenges. They enable
the targeted delivery of tumor antigens, immune adjuvants, epigenetic modulators, or ICD inducers, thereby minimizing
off-target effects. Furthermore, nanocarriers can induce ICD directly within the tumor microenvironment, releasing
a broad spectrum of immune-recognition signals and awakening tumor immunogenicity. Some nanoformulations can also
reduce ADA risk by optimizing the composition of the protein corona and minimizing the exposure of immunogenic
components. In summary, through mechanisms such as targeted antigen delivery, in situ ICD induction, or epigenetic
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remodeling, nanomedicines can help overcome biological barriers in immunotherapy, efficiently present tumor antigens

to the immune system, and lay the groundwork for the comprehensive eradication of tumors.

Manufacturing and Regulatory Hurdles

The scalable production of complex nanoformulations faces significant challenges, particularly in achieving batch-to-
batch consistency. The inherent complexity of nanostructures, coupled with the necessity to tightly control critical quality
attributes (CQAs) such as particle size, boron payload, and ligand density, complicates their precise analytical
characterization.'**'*> These analytical and quality control difficulties consequently hinder the reliable reproduction of
in vivo targeting efficacy and safety profiles across production batches.

From a regulatory perspective, a dedicated and specific framework for nanoformulated BNCT agents is currently
absent. Regulatory agencies, including the US FDA and China’s NMPA, continue to require data conforming to
fundamental drug evaluation standards. For instance, the NMPA’s 2023 “Technical Guideline for Clinical Trials of
Nanomedicines” stipulates that boron nanocarriers must demonstrate consistent particle size distribution (RSD < 10%),
boron content (deviation < 5%), and in vitro release profiles (f2 > 50) across three pilot-scale batches. Similarly, the FDA
mandates long-term toxicity studies (6 months in rats, 12 months in dogs), with particular emphasis on monitoring
hepatic and splenic accumulation. While the existing regulatory framework ensures baseline safety and quality, the lack
of tailored technical guidance may potentially impede the translational efficiency of innovative nanotechnologies.

Moving forward, a collaborative effort among industry, academia, and regulatory bodies is essential. Leveraging
accumulated preclinical and clinical data, there is a pressing need to establish product-specific review criteria, standar-
dized testing methodologies, and safety thresholds. This collaborative approach will be instrumental in developing
specialized regulatory provisions that align with international standards while accommodating the unique technical
characteristics of nanoformulated BNCT drugs. Such a pathway will not only ensure patient safety but also provide
a clear and predictable route for the standardized development and clinical application of these advanced therapeutics.

In summary, the clinical translation of BNCT is a multidimensional endeavor intersecting targeting specificity,
delivery efficiency, dosimetric standardization, and long-term safety. As synthesized in Table 6, a systematic analysis
of these bottlenecks and their corresponding optimization pathways forms the critical roadmap for advancing BNCT from

preclinical promise to clinical reality.

Table 6 Significant Translational and Technical Challenges in BNCT

Challenge Key Issues Current Progress Future Direction Ref.
Category
Neutron Reactor-based vs accelerator-based; Flux Clinical adoption of AB- Spectrum standardization; [126-128]
Source stability and spectrum purity BNCT; Tunable neutron Compact, hospital-based
energy spectra sources
Dosimetry Lack of real-time boron quantification; Development of PET/MRI/ Unified dosimetric modeling; | [46, 129—-133]
Inadequate models for nanocarriers Prompt Gamma-ray SPECT Imaging-informed treatment
for imaging planning
Biosafety & Long-term accumulation in RES organs (liver, | PEGylation; Biomimetic Biodegradable materials; [66, 73, 74,
Immunogenicity | spleen); Chronic inflammation/fibrosis; Anti- | strategies (exosomes); Long-term toxicology 134-138]
PEG/anti-drug antibodies (ADA) Immune tolerance induction studies; Immune safety
profiling
Manufacturing Batch-to-batch consistency; Lack of BNCT- FDA/NMPA nanomedicine BNCT-specific regulatory [144, 145]
& Regulation specific regulatory guidelines guidance introduced (eg, standards; Scalable GMP-
particle size, boron content) | compliant processes
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Synthesis of Delivery Challenges and Optimization Pathways

The clinical translation of BNCT delivery systems is a multifaceted endeavor, confronting interconnected challenges that
span targeting specificity, delivery efficiency, dosimetric standardization, and long-term safety. As systematically
analyzed in Figure 6, these bottlenecks and their corresponding optimization strategies form a critical roadmap for
advancing BNCT from preclinical promise to clinical reality. Beyond optimizing BNCT as a monotherapy, integrating it
with other modalities like chemotherapy and immunotherapy has emerged as a powerful strategy to enhance its efficacy

and address tumor heterogeneity.

Bottlenecks in Delivery Efficiency and Optimization Strategies
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Figure 6 Key Bottlenecks and Optimization Pathways of Boron Neutron Capture Therapy (BNCT) Delivery Systems: As the core connecting hub between boron drugs,
neutron beams, and tumor targets, this delivery system directly determines the efficacy and safety of treatment. The figure presents three major bottlenecks and their
corresponding optimization strategies: Part (A) addresses the issue of low boron loading, which can be resolved using high-capacity nanostructures, such as self-assembled
A6K peptide nanotubes (A6K and BSH mixed at a 1:10 molar ratio to form spherical nanocomplexes with an average particle size of 39.3+17.4 nm and a zeta potential of
—38.2+1.9 mV) and folic acid-conjugated liposomes (composed of PMAO- and PEG-modified lipid bilayers with an aqueous core encapsulating 3PCB and Cy5); these
liposomes exhibit a significantly improved tumor-to-normal tissue (T/N) boron concentration ratio compared to conventional formulations. Part (B) addresses the problem
of uncontrolled release kinetics, which can be optimized via stimuli-responsive systems, such as PEO/PLA block copolymer nanofibers constructed by electrospinning with
a PEO/PLA ratio of 3:2; the porous fiber network formed enables biphasic release (44.4% of '°BA released within 12 hours and 53.5% in the subsequent 24 hours), thereby
inducing DNA double-strand breaks (DSBs) and mitochondrial membrane potential collapse in tumor cells. Part (C) addresses the challenge of tumor delivery barriers,
which can be overcome by circumventing physiological barriers (including the blood-brain barrier (BBB), dense tumor stroma (DTS), and high interstitial fluid pressure
(HIFP)), low tumor cell membrane permeability, overexpression of drug efflux pumps, and failure of endosomal escape; an example is the delivery of BPA via cerebrospinal
fluid (CSF) circulation (subdural injection) to bypass the BBB, thereby enhancing BPA penetration into tumors, resulting in a rapid increase in tumor boron concentration
within the first 12 hours followed by sustained release.
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Combinatorial Therapeutic Strategies Using Boron-Based Nanosystems

As clinical research on BNCT deepens, the limitations of standalone BNCT for highly heterogeneous and aggressive
refractory tumors have become increasingly apparent. In recent years, the combined application of nanotechnology-based
boron delivery systems with other treatment modalities—such as chemotherapy and immunotherapy—has emerged as
a crucial direction for enhancing the efficacy of BNCT. Leveraging their advantages in co-delivery of multiple agents,
controllable release, targeted delivery, and functional integration, nanocarriers provide an ideal platform for achieving
spatiotemporally precise synergistic therapy. Existing research primarily focuses on the following combinatorial strategies:

Chemo-BNCT Combination Therapy

This strategy employs nanosystems to co-deliver boron agents and traditional chemotherapeutic drugs (eg, paclitaxel,
doxorubicin), exploiting different mechanisms to produce synergistic effects. Huang et al fabricated PEO/PLA block--
copolymer nanofibers that co-deliver '°B-containing agents (‘°BA) and paclitaxel.'® The system exhibits sequential
release: paclitaxel is released first to disrupt tumor vasculature and arrest the cell cycle, thereby sensitizing cells to the
subsequently released '°BA, which upon neutron irradiation generates high-LET particles that inflict lethal DNA damage.
Another representative study is the LA-BPA derivative-based, pH-responsive multifunctional vesicles developed by Dai
et al.'"* The vesicles, surface-modified with phenylboronic acid groups, target sialic acid on tumor cell surfaces,
enhancing cellular uptake and lysosomal escape, and can be loaded with doxorubicin (DOX). Triggered release in the
high-glutathione tumor microenvironment enables sequential chemo-BNCT therapy. In pancreatic cancer and melanoma
models, these vesicles demonstrated high tumor accumulation (T/N ratio up to 6.7-7.7) and significant tumor growth
inhibition coupled with extended survival following combined treatment, showcasing the feasibility of integrating
targeted chemotherapy and BNCT on a single nanoplatform.

Immuno-BNCT Combination Therapy

The immunogenic cell death (ICD) induced by BNCT provides a theoretical foundation for its combination with immu-
notherapy. Nanocarriers can co-deliver boron agents and immunomodulators (eg, cytokines, immune checkpoint inhibitors,
STING agonists), aiming to locally activate the immune microenvironment and elicit a systemic anti-tumor immune response.

One strategy involves directly harnessing BNCT byproducts for immune activation. Research shows that extracellular
vesicles (EVS/BNCT-EVs) released from tumor cells following BNCT treatment are enriched with DNA fragments due
to high-LET radiation. Upon uptake by dendritic cells (DCs), these EVs/BNCT-EVs potently activate DNA-sensing
pathways like ¢cGAS-STING, driving DC maturation. In a melanoma model, a DC vaccine pre-pulsed with these EVs/
BNCT-EVs significantly inhibited primary tumor growth and lung metastasis while inducing long-term immune
memory.'*” This strategy directly converts BNCT radiation products into endogenous adjuvants for anti-tumor immunity,
offering a novel paradigm for synergizing BNCT with cellular immunotherapy.

Another strategy focuses on designing multifunctional nanosystems co-delivering immunomodulatory components.
For example, Chen et al developed a nucleus-targeting liposomal system (DOX-CB@lipo-iRGD) for the co-delivery of
carborane and a CRISPR-Cas9 plasmid targeting CD47.'* In glioblastoma models, this design leveraged the nuclear
translocation property of DOX to efficiently accumulate boron within tumor cell nuclei, thereby significantly enhancing
BNCT-mediated DNA damage. Simultaneously, the CRISPR-Cas9 system knocked out the “don’t-eat-me” signal CD47
on tumor cells, promoting macrophage phagocytosis and impairing cancer stem-cell phenotypes. The combination of
BNCT and immunotherapy synergistically inhibited tumor growth, reduced stemness, and decreased recurrence risk,
leading to improved survival—demonstrating a compelling integrated therapeutic strategy. Similarly, Deng et al devel-
oped PD-L1 siRNA-loaded boron nanoparticles ('°B/siPD-L1).'*® This system achieves tumor-selective uptake via
cRGD targeting ligands and releases '’B polymers and siRNA in the highly reductive tumor cytosol. The PD-LI
siRNA not only inhibits BNCT-induced PD-L1 upregulation to activate T-cell immunity but also enhances BNCT’s
DNA damage effect by suppressing PD-L1-mediated DNA repair protein expression, thereby inducing stronger ICD and
anti-tumor immune responses. In a breast cancer model, this combinatorial therapy demonstrated promising synergistic

tumor suppression and anti-metastatic potential.
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Multimodal Synergistic Therapy

Beyond chemotherapy and immunotherapy, BNCT can also be combined with other physical treatment modalities—such
as photothermal therapy (PTT)—to form multimodal synergistic therapy platforms. A representative example is the
Au@BNNT (gold-boron nitride nanotube) platform.®® This hybrid nanocarrier leverages the innate high boron-loading
capacity of BNNTs for BNCT, while the incorporated gold components confer strong near-infrared photothermal
conversion efficiency. The sequential application of local PTT prior to neutron irradiation can disrupt the dense tumor
stroma, enhance vascular permeability and blood perfusion, thereby significantly improving the penetration and homo-
geneous distribution of boron agents throughout the tumor mass. By leveraging the intersecting actions of different
mechanisms, these multimodal strategies hold promise for overcoming the single-agent resistance caused by tumor
heterogeneity, reducing the required dose of each treatment modality, and thereby mitigating toxic side effects.

In summary, existing research robustly demonstrates the significant potential of boron-based nanosystem combina-
torial strategies—primarily including chemo-BNCT, immuno-BNCT, and multimodal synergistic therapy (eg, with
photothermal or sonodynamic modalities)}—in enhancing therapeutic outcomes for refractory tumors. These strategies
leverage the precise control offered by nanotechnology to achieve optimized spatiotemporal synergy between different
therapies. Chemo- and immuno-BNCT strategies not only improve local tumor eradication but also hold promise for
eliciting systemic anti-tumor immunity to control distant metastases. Multimodal approaches aim to overcome physio-
logical barriers and tumor heterogeneity through complementary mechanisms. Future research should focus on further
optimizing combinatorial regimen design (eg, sequencing, timing) and advancing these innovative strategies toward
standardized, reproducible clinical translation. Looking beyond these incremental optimizations, several emerging and
potentially disruptive technologies are poised to redefine the future landscape of BNCT, as discussed in the next section.

Emerging Frontiers and Disruptive Technologies
Looking beyond the incremental optimization of existing platforms, several emerging technologies hold the potential to
redefine the future of BNCT.

mRNA and In vivo Boron Programming

Inspired by the success of mRNA-LNP (lipid nanoparticle) vaccines, a groundbreaking approach involves transiently program-
ming tumor cells to synthesize their own boron-capturing proteins. By delivering mRNA encoding for boron-affinity proteins or
transporters directly to the tumor site, this strategy could shift the paradigm from delivering boron drugs to engineering the tumor
itself to sequester boron, potentially achieving unprecedented levels of intracellular concentration and specificity.

Artificial Intelligence and Digital Twins for Treatment Planning

The complexity of BNCT dosimetry, which depends on real-time, spatial boron distribution, is a primary challenge for Al
Machine learning models can integrate patient-specific data—including prior PET/MRI scans, tumor genomics, and
pharmacokinetic models—to predict optimal timing for neutron irradiation and forecast 3D dose distribution.
Furthermore, creating a “digital twin” of the patient’s treatment using Monte Carlo simulations allows for the virtual
testing and optimization of BNCT plans in silico, ensuring maximum efficacy and safety before the actual treatment begins.

In situ Vaccination and Systemic Immunomodulation
BNCT is uniquely potent at inducing immunogenic cell death (ICD). The next frontier is to systematically harness this
effect to turn the tumor into an in situ vaccine. This involves rationally combining BNCT with immunomodulatory agents
(eg, checkpoint inhibitors, STING agonists) that are co-delivered via nanocarriers. The key lies in optimizing the
sequence and timing—administering immunotherapies when the “danger signals” from BNCT are at their peak—to
convert a localized treatment into a robust, systemic anti-tumor immune response capable of attacking distant metastases.
In summary, these emerging frontiers—ranging from in vivo programming to Al-driven planning and systemic
immunomodulation—collectively highlight a transformative potential for BNCT, moving beyond incremental improve-
ments toward novel therapeutic paradigms. The integration of these concepts forms the basis for the concluding outlook
on the field.
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Conclusions and Outlook

This review delineates the evolution of boron neutronron capture therapy (BNCT) from a promising yet pharmacokine-
tically constrained binary radiotherapy into an integrative precision oncology platform, a transformation fundamentally
catalyzed by advances in nanotechnology-enabled boron delivery. The advent of smart nanocarriers—featuring high
payload capacity, active targeting, controlled release, and nuclear localization—has directly overcome the historical
limitations of low tumor selectivity and rapid clearance inherent to conventional small-molecule agents.

Looking ahead, the clinical translation of BNCT depends on concerted advances along two complementary axes:
next-generation technological integration and system-level translational enablers. On the technological front, future
efforts must focus on developing multifunctional theranostic platforms that seamlessly combine real-time imaging,
tumor-microenvironment-responsive drug release, and co-delivery of immunomodulators to potentiate BNCT-induced
immunogenic cell death into a systemic anti-tumor immune response. Concurrently, the integration of artificial intelli-
gence and digital twin technology is crucial for harnessing complex multimodal data to achieve truly personalized
dosimetry and dynamic treatment planning.

To translate these technological promises into clinical reality, addressing system-level challenges is imperative. This
includes the standardization of neutron sources and dosimetric protocols, the establishment of robust, scalable, and GMP-
compliant manufacturing processes, and a comprehensive understanding of the long-term biocompatibility and immu-
nogenicity of novel nanocarriers. Proactive collaboration among academia, industry, and regulatory bodies will be key to
developing tailored evaluation frameworks and accelerating clinical adoption.

In summary, the synergy of nanomedicine, advanced imaging, radiation physics, and immuno-oncology is maturing
BNCT into a powerful and versatile therapeutic modality. By systematically navigating the outlined roadmap—from
smart nanocarrier design and Al-driven personalization to standardization and safety validation—BNCT is poised to
transition from a promising experimental approach into a cornerstone of personalized therapy for refractory solid tumors,
ultimately ushering in a new era of precision cancer radiotherapy.
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