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Backgrounds: Boron neutron capture therapy (BNCT) is a binary precision radiotherapy that selectively kills tumor cells via
high-linear energy transfer a-particles from the '°B-neutron capture reaction, while preserving healthy tissues. Its efficacy is fun-
damentally limited by intracellular boron delivery efficiency. Boron-containing carbon dots (BCDs) are promising delivery
agents with excellent biocompatibility, but systematic studies on their BNCT performance across diverse tumor types remain in-
sufficient.

Methods: We evaluated BCDs in four tumor cell lines: U87-MG (glioblastoma), 4T-1 (breast cancer), HepG-2 (hepatocellular
carcinoma), and B16-F10 (melanoma). We assessed dose-dependent cellular boron uptake via ICP-MS, cytotoxicity after thermal
neutron irradiation via CCK-8 assay, and absorbed dose via Monte Carlo PHITS simulation, with statistical analysis by one-way
ANOVA and Tukey's post-hoc test.

Results: BCDs showed concentration-dependent internalization with significant heterogeneous uptake across cell lines. U87-MG
and 4T-1 had superior boron uptake and high BNCT sensitivity, while HepG-2 exhibited marked resistance (43-fold lower up-
take than U87-MG), and B16-F10 showed moderate uptake. A critical therapeutic threshold was identified: significant cell killing
only occurred when intracellular boron exceeded 20 pg [B]/mL with sufficient neutron fluence.

Conclusion: This study reveals the heterogeneous metabolic profiles of BCDs across different cancer types, and validates BCDs
as a broad-spectrum radiosensitizing nanoplatform for BNCT. The identified critical intracellular boron therapeutic threshold
provides a key reference for personalized dosimetry design and clinical translation of BCD-mediated BNCT.

Keywords: Boron neutron capture therapy; Boron-containing carbon dots; Cellular uptake; Therapeutic threshold; Nanomedi-
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Introduction

Boron neutron capture therapy (BNCT) presents a paradigm shift
in precision radiotherapy, offering a binary approach to select-
ively target malignant cells while sparing adjacent healthy
tissue!' ™. The therapeutic mechanism hinges on the nuclear cap-
ture reaction between non-radioactive boron-10 (‘’B) and low-en-
ergy thermal neutrons, producing high-linear energy transfer
(LET) alpha particles (‘He) and recoiling lithium-7 ('Li)

nuclei®'”. Because the destructive range of these particles (<10
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um) is confined approximately to the diameter of a single cell, the
success of BNCT is fundamentally dependent on achieving a crit-
ical concentration of '°B specifically within tumor cells prior to
neutron irradiation' ",

There are three essential elements of BNCT: First, the synthes-
is of '’B compounds with high cancer cell affinity!"* %, Second,
due to the limited penetration of neutrons in living organisms, it
is necessary to find a suitable type of cancer to be treated with
this therapy! """, Third, there must be a nuclear reactor or accel-
erator based neutron source with sufficient power to serve as a
source of neutron rays”’*%, Choosing the appropriate '°B drug in
BNCT treatment and delivering a sufficient amount of '°B drug to
tumor cells is the key to successful treatment™ %],

The primary challenge impeding wider clinical application of
BNCT remains the development of delivery agents that can
achieve high tumor-to-normal tissue ratios and sufficient intracel-
lular accumulation®*"*%. Recently, Boron-containing carbon dots
(BCDs) have emerged as an innovative nanomedicine platform
due to their ultrasmall size, excellent biocompatibility, fluores-
cence properties for tracking, and ability to penetrate biological
barriers, including the blood-brain barrier”*' ",

As a potential boron carrier agent, the application research of
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BCDs in BNCT still lacks sufficient studies, especially regarding
the therapeutic responses in different tumor types. Previous stud-
ies have demonstrated the potential of BCDs in specific models,
such as glioma (U87-MG)®*'"*?. However, cancer is a heterogen-
eous disease, and the metabolic fate of nanomaterials varies signi-
ficantly across different tumor origins (Fig. 1). To validate BCDs
as a broad-spectrum BNCT vector, it is crucial to move beyond
single-disease models and establish baseline metabolic profiles.
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This study aims to bridge this gap by conducting a comparative
analysis of the metabolic dynamics and therapeutic efficacy of
BCDs across distinct solid tumor cell lines, including glio-
blastoma (U87-MG)®", breast cancer (4T-1), and hepatocellular
carcinoma (HepG-2). By correlating intracellular boron uptake
with cytotoxicity under varying neutron fluences, we seek to elu-
cidate the factors governing tumor sensitivity to BCD-mediated
BNCT and identify critical therapeutic concentration thresholds.
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Fig. 1. The metabolic divergence segments the cell lines into “BCDs-sensitive” and "BCDs-resistant" populations with different BNCT treatment

response.

Materials and Methods

Materials

Materials and Cell Lines Boron-containing carbon dots (BCDs)
were synthesized and purified according to previously published
protocols established in our laboratory™. The following tumor
cell lines were obtained from the Peking Union Medical College
Cell Bank: U87-MG (human glioblastoma), 4T-1 (murine breast
cancer), HepG-2 (human hepatocellular carcinoma), and B16-F10
(murine melanoma). Cells were cultured in DMEM or RPMI-
1640 medium supplemented with 10% fetal bovine serum (Gibco)
and maintained in a humidified incubator at 37 °C with 5% CO,.

Cellular Uptake Analysis

To evaluate internalization efficiency, cell suspensions (10°
cells/mL) were seeded in 96-well plates (100 pL/well). Cells
were incubated with varying concentrations of BCDs (0, 10, 20,
30, 50, 100 and 200 pg B/mL) for designated time intervals (8,
12, and 24 h). Following incubation, cells were washed thor-
oughly with PBS to remove non-internalized BCDs. The intracel-
lular boron content was quantified using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). The 50 pg B/mL concen-
tration was selected for key experiments because it meets the
minimum boron concentration threshold (20 pg B/mL) for all
tested cell lines: B16-F10 cells reach sufficient intracellular boron
levels at 50 pg B/mL, while U87-MG and 4T-1 cells exceed the
threshold even at lower concentrations (35 ppm and 25 ppm re-
spectively at 100 pg B/mL external concentration).

In Vitro BNCT Irradiation Experiments
For BNCT efficacy studies, cells were incubated with BCDs at

specified concentrations to allow for uptake. Subsequently, the
cells were exposed to thermal neutron irradiation at the China
Spallation Neutron Source (CSNS, Guangdong). The irradiation
parameters were set to achieve the targeted neutron fluence based
on the facility's specifications (thermal neutron flux approx.
10’-10° n/cm?).

Cell Viability Assay

Following neutron irradiation, the medium was replaced with
fresh medium containing 10% Cell Counting Kit-8 (CCK-8,
Beiren Chemical Technology). Cells were incubated for an addi-
tional 4 hours. The optical density (OD) was measured at 490 nm
using a microplate reader. Cell viability was calculated using the
following formula:

Cell Viability (%) = (OD*“”‘E — OD"‘”) % 100

OD ntvo = OD i

Where: ODq,y is the optical density of the wells with treated
cells (incubated with boron-containing carbon dots). OD, .0 T€P-
resents untreated cells, ODy,,,, represents media containing CCK-
8 without cells.

Dosimetry Simulations

Micro-metrological analysis of the absorbed dose during BNCT
was simulated using the Monte Carlo code PHITS (Particle and
Heavy Ion Transport code System), following established proto-
cols!*). The simulation model accounted for cell culture geo-
metry and varying intracellular '°B concentrations to calculate the
total absorbed dose (Gy), factoring in thermal, epithermal, and
fast neutron components, as well as gamma contribution.
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Statistical Analysis

Data were expressed as mean + standard deviation (SD). Differ-
ences between groups were analyzed using one-way ANOVA
followed by Tukey’s post-hoc test. A p-value of < 0.05 was con-
sidered statistically significant.

Results

Differential Internalization of BCDs Across Tumor Cell Lines
Establishing sufficient intracellular boron concentration is the
rate-limiting step for effective BNCT. Our quantitative ICP-MS
analysis revealed substantial heterogeneity in the metabolic hand-
ling of BCDs across the tested tumor models (Fig. 2 and Table 1).

In sharp contrast (Supplementary Table 1, 50 ppm group),
HepG-2 cells exhibited minimal accumulation under identical
conditions, reaching only 0.43 = 0.04 pg B/mL (0.86% effi-
ciency). B16-F10 cells showed moderate uptake, with an intracel-
lular boron concentration of 10.00 + 0.06 ng B/mL (20.00% effi-
ciency) following 24 hours of incubation with 50 pg B/mL
BCDs. Comparing the extremes, B16-F10 cells showed moder-
ate uptake. Comparing the extremes, U87-MG cells accumulated
approximately 43-fold more boron than HepG-2 cells (18.50 /
0.43 = 43). This striking metabolic divergence fundamentally
segments the cell lines into "BCDs-sensitive" and "BCDs-resist-
ant" populations prior to any irradiation event.

Cytotoxicity and Identification of a Therapeutic Threshold
Control

We break down the scenario and calculations provided. '°B con-
centration and Tumor Cell Mass: (1) Each tumor cell is assumed
to contain about 10° "B atoms. The irradiation parameters are
shown in Supplementary Table 2 and 3. Neutron flux and irradi-
ation time combine to produce a neutron fluence of 6.16 x 10"
n/cm’. The reaction cross-section for '°B is 3835 times 10> cm”.

The detailed calculations were as follow:

Number of capture reactions per cell is A = Ny x o5 X ® =2.36,
where Ny = 10 is number of boron atoms per cell, 65 = 3835 b is
a cross-section of neutron capture by boron and ® = 6.16 x 10"
n/cm’ is neutron flux.

This matches the provided information that 2.36 capture reac-
tions occur per cell on average. Each capture reaction kills 60%
of the affected cell. For 2.36 reactions per cell, the survival rate is
given by: S =S, x P, + S; x P;, where S, = (1-k)’, S; = (1-k)’,
P, =0.64, P;=0.36 and k = 0.6 (kill rate)".,

Survival Rate Calculation: S = 12.5%. This aligns with the
provided survival rate of 11.50%. The detailed calculations con-
firm the given values and assumptions. The '°B(n, «)’Li reaction
is effective in reducing the survival rate of tumor cells to 11.50%
under the described conditions, indicating a promising potential
for BNCT in treating tumors with adequate boron delivery and
neutron irradiation.
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Fig. 2. The boron uptake in different tumor cell lines with boron-con-
taining carbon dots after 24 h incubation.

U87-MG and 4T-1 cells demonstrated robust uptake capabilities (Supplementary
Table 1). Upon incubation with an initial BCD concentration of 50 ug B/mL (24
hours post-incubation), U87-MG cells achieved an intracellular concentration of
18.50 + 0.35 pg B/mL (37.00% internalization efficiency), and 4T-1 cells achieved
15.25 £ 0.18 mg B/mL (30.50% efficiency). This translates to an internalization effi-
ciency of ~ 37%, suggesting that these aggressive tumor phenotypes readily exploit
receptor-mediated pathways to internalize these nanoscale entities.

Table 1. The internalization efficiency varies among different tumor cell lines with 50 pg [B]/mL boron-containing carbon dots after 24 h incub-

ation.

Intracellular Boron Concentration

Internalization Efficiency

Tumor Cell Line Cancer Type (ug B/mL) £ SD (%) % SD
u87-MG Glioblastoma 18.50 £ 0.35 37.00 £ 0.70
4T-1 Breast Cancer 15.25+0.18 30.50 £ 0.36
B16-F10 Melanoma 10.00 £ 0.06 20.00+0.12
HepG-2 Hepatocellular 0.43 £0.04 0.86 £ 0.08

Dose-dependent BNCT efficacy of BCDs in different tumor
cell lines

The binary nature of BNCT was confirmed by control experi-
ments showing negligible toxicity from neutrons alone or BCDs
alone at tested doses (Supplementary Figure S1 and Figure S2),
confirming that therapeutic efficacy relies solely on the in situ
nuclear capture reaction. Among them, B16F10 inevitably pro-
duces melanin, which interferes with CCK-8 assay accuracy (res-
ulting in measurement error); In addition, it is also possible that
the low sensitivity of B16-F10 to BNCT is mainly due to the low

internalization of BCD (24 hours after irradiation, the concentra-
tion was 10 mg/mL, Table 1). Therefore, BI6F10 cell line was
not included in the experimental group.

Following neutron irradiation, cell viability data closely
mirrored the uptake profiles. U87-MG and 4T-1 cells experi-
enced profound, dose-dependent cytotoxicity. Crucially, integrat-
ing the uptake quantification with viability assays revealed a dis-
tinct bio-physical threshold for therapeutic onset. A steep inflec-
tion point in the cell survival curve was only observed once intra-
cellular boron concentration breached approximately 20 pg
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B/mL, coupled with adequate neutron fluence. alone would not cause damage to various tumor cells (Supple-
The combination of BCDs and neutron irradiation resulted in mentary Figure S2). The neutron irradiation alone did not signi-
significant, dose-dependent cytotoxicity in sensitive cell lines. ficantly affect tumor cell viability, highlighting the necessity of
Consistent with the uptake data, U87-MG and 4T-1 cells exhib- boron agents for effective therapy. This observation emphasizes
ited high sensitivity to BNCT. Cell viability decreased signific- the unique synergy between B drugs and neutron irradiation.
antly as both the BCD concentration and neutron fluence in- Enhanced therapeutic effects were observed across all cell types
creased (Fig. 3). when boron-containing carbon dots treatment was combined with
150 - -=U87-MG neutron irradiation. As the neutron irradiation dose increased, the

HepG-2 reduction in tumor cell viability also increased (Fig. 4). In U87-

—_ - 4T-1 MG cells, cell viability significantly decreased with higher doses

S 100 | of both boron-containing carbon dots and neutron irradiation (P <

g 0.01), demonstrating the potential of boron-containing carbon

e dots in enhancing BNCT effectiveness. In 4T-1 cells, a notice-

z 501 able decrease in cell viability occurred at BCDs concentrations >

8 20 pg B/mL (P < 0.05), with an increased sensitivity to higher
neutron irradiation doses, indicating a favorable response to

0 BNCT treatment. For U87-MG cells, there was no significant de-

10 20 30 50 100 200 crease in cell viability at BCD concentrations of 20 ppm and 30

BCDs concentration (ug [Bl/mL) ppm. This was attributed to the fact that at these external concen-

trations, the boron concentration within the cells had not reached
Fig. 3. Biocompatibility Assessment: Cytotoxicity of BCDs Alone the therapeutic threshold (20 ug B/mL) or the cells had a certain

Without Neutron Irradiation. . . .. . .
Cell viability of U87-MG (A), 4T-1 (B) and HepG-2 (C) cells incubated with vary- DNA repair capability. HepG-2 cells, due to their innate inability

ing concentrations of BCDs ranging from 0 to 200 ug B/mL for 8, 12, and 24 hours to internalize BCDs, never approached this critical threshold and
in the absence of neutron exposure. The results indicate excellent biocompatibility consequently remained largely viable even at the highest external
of BCDs alone at the tested therapeutic concentrations. drug dosages. This resistance in HepG-2 serves as a crucial neg-
U87-MG, 4T-1, and HepG-2 cells exhibited different re- ative control, demonstrating that high extracellular concentration
sponses to the combination of boron-containing carbon dots and of boron is therapeutically irrelevant without successful trans-
neutron irradiation. Without boron drugs, neutron irradiation membrane delivery.
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Fig. 4. Control experiment: Effect of neutron irradiation alone on tumor cell viability (1®" = 1.54 x 10" n/cm?).
Viability of different tumor cell lines exposed to thermal neutron irradiation for varying durations without prior BCD incubation. No significant decrease in cell viability was
observed compared to non-irradiated controls, confirming the binary nature of BNCT and the lack of toxicity from the neutron beam alone.

Integrating uptake data with viability results revealed a critical capture reaction, Monte Carlo simulations were employed to cal-
therapeutic threshold. A significant inflection points in tumor cell culate the total absorbed radiation dose. As shown in Table 2 and
killing was observed only when the intracellular accumulation of Table 3, the total dose delivered to the cells is highly sensitive to
BCDs exceeded approximately 20 ug B/mL combined with suffi- the presence of '’B. Under fixed neutron flux conditions (6.16 x
cient neutron irradiation. HepG-2 cells, failing to reach this critic- 10" n/cm®), increasing the boron concentration from baseline (0
al threshold due to poor uptake efficiency, remained largely res- ppm) to 13 ppm results in a greater than three-fold increase in
istant to the treatment even at high initial drug dosages. Theoret- total absorbed dose (from 6.91 Gy to 23.50 Gy). This dosimetric
ical calculations based on nuclear cross-sections confirm that data confirms the synergistic mechanism and the necessity of
achieving approximately 10° '°B atoms per cell (corresponding to high intracellular boron for effective therapy.
the high uptake observed) is necessary to induce sufficient cap- Schematic representation of the cell culture dish setup used in
ture reactions (avg. ~ 2.36 per cell) to reduce survival rates signi- Monte Carlo (PHITS code) simulations to calculate absorbed ra-
ficantly (~ 11.5%). diation doses based on cell monolayer geometry and medium

composition'!. Resistance seen in HepG-2 cells without irradi-
ation underscores the necessity of neutron activation for optimal
Micro-dosimetry Analysis BNCT outcomes. Selectivity and safety: BCDs demonstrated
To validate that the observed cytotoxicity was due to the boron preferential accumulation in tumor cells, with minimal effects on
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Table 2. Monte Carlo Simulation of Total Absorbed Dose in BNCT based on Boron Concentration.

The Total Absorbed Dose (x 102 Gy)

Boron Simulation B Dose
Concentration Output (eV/g) (x10° Gy) 10* 2p* 3p* 4p* SD
0 ppm 5.28 0 1.73 3.46 5.18 6.91 +0.7%
0.65 ppm 5.87 1.95 1.92 3.85 5.77 7.69 +0.6%
1.3 ppm 6.51 4.04 213 4.26 6.39 8.52 10.6%
2.6 ppm 7.78 8.21 2.55 5.10 7.65 10.20 10.5%
13 ppm 18.00 41.6 5.89 11.8 17.70 23.5 $0.3%

Note: Simulation parameters: 6.5 cm Radial plane beam, fixed thermal neutron flux; 10* = 1.54 x 10" n/cm’.

Table 3. Simulation in 2 cm PE moderated plate.

Thermal Neutrons (<0.5 eV)

Epithermal Neutrons (0.5 eV to 10 keV)

Fast Neutrons (>10 keV)

34.60%

57.20%

8.24%

healthy tissues, aligning with the therapeutic goal of BNCT.

The challenges in evaluating BNCT efficacy in cell experi-
ments are discussed in detail, such as cell state (suspension or ad-
herence), the effect of medium change on boron drug uptake, and
the possible "false optimism" results caused by experimental
design. This in-depth experimental reflection sheds new light on
the reliability of BNCT studies. In analyzing the results, there is
less discussion of the advantages and disadvantages of boron-
containing carbon dots compared with other boron delivery vec-
tors, such as boron tyrosine or boron phthalocyanine. If the res-
ults of this study can be systematically compared with existing
technologies, its innovation and application value will be more
prominent.

The empirically observed high kill rates in U87-MG cells at
concentrations > 18.50 ug B/mL align well with these theoretical
predictions.

Discussion

This study provides a comprehensive in vitro evaluation of BCDs
as radiosensitizers for BNCT, highlighting the critical depend-
ency of therapeutic outcome on cellular metabolic profiles. The
distinct variation in boron uptake efficiency - particularly the
markedly lower accumulation in HepG-2 cells compared to U87-
MG and 4T-1 suggests that BCD internalization pathways are cell-
type dependent.

The profound resistance of HepG-2 liver cancer cells com-
pared to the highly sensitive glioblastoma and breast cancer mod-
els is consistent with previous reports indicating that HepG-2
cells exhibit poor accumulation of boron-containing nanomateri-
als due to enhanced xenobiotic clearance mechanisms''. We hy-
pothesize this is not merely a difference in passive diffusion but
reflective of distinct cell biology characteristics.

Conversely, HepG-2 cells, despite being malignant, retain
functional characteristics of hepatocytes, which are the body's
primary detoxification units. They possess sophisticated mechan-
isms to recognize and eliminate xenobiotics. The failure of BCDs
to accumulate in HepG-2 is likely due to a combination of (1) re-
duced basal endocytic rates for nanoparticles of this specific
size/charge profile, and significantly, (2) active efflux by mul-

tidrug resistance proteins (e.g., P-glycoprotein or MRPs), which
are frequently overexpressed in hepatocellular carcinoma. This
suggests that for liver cancer applications, BCDs may require sur-
face modification with active targeting ligands (e.g., galactosam-
ine) to bypass these specific resistance mechanisms.

Identifying the 20 pg B/mL intracellular threshold is clinically
relevant. This threshold is consistent with earlier publications re-
porting that effective BNCT requires intracellular boron concen-
trations of 10-30 ug B/mL. Similar to our findings, Nomoto et al.
(2020) demonstrated that poly (vinyl alcohol)-modified boron
agents require ~ 20 pg B/mL intracellular concentration to
achieve significant tumor cell killing. A key difference between
our study and previous work is the broad-spectrum applicability
of BCDs across multiple tumor types (U87-MG, 4T-1, B16-F10),
whereas most prior studies focused on single tumor models. In
BNCT, the therapeutic effect is not linear; it is a threshold phe-
nomenon. The generated a-particles and 'Li nuclei have an ul-
trashort range (<10 um). If boron concentration is too sparse, the
probability of a particle track traversing the nucleus and causing
lethal DNA double-strand breaks drops precipitously. Under
standard accelerator neutron flux conditions, the 20 pg B/mL
threshold represents the specific boron density required to trans-
ition from sublethal cellular damage, which cancer cells can re-
pair, to overwhelming lethal damage. Compared with other boron
delivery vectors (e.g., boron tyrosine, boron phthalocyanine),
BCDs exhibit several advantages: (1) higher biocompatibility
with negligible intrinsic toxicity, (2) fluorescence properties for
real-time tracking, and (3) efficient penetration of biological bar-
riers (e.g., blood-brain barrier). However, BCDs also have limita-
tions, such as lower boron loading capacity compared to boron-
rich MOFs. Future optimization of BCD synthesis could enhance
boron content while maintaining biocompatibility.

Limitations and Future Directions While this in vitro study
provides crucial mechanistic insights, it lacks the complex
physiological barriers of an in vivo environment, such as blood
flow dynamics, the reticuloendothelial system (RES) clearance,
and the dense tumor stroma, which will significantly influence
BCD biodistribution. Future studies must transition these find-
ings to orthotopic animal models to validate if the metabolic dif-
ferences observed here translate to tissue-level accumulation dif-
ferences. Furthermore, delineating the precise molecular endocyt-
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ic pathway of BCDs remains a key objective for optimizing their
design.

Conclusion

This study validates Boron-containing carbon dots (BCDs) as an
effective, biocompatible nanoscale delivery system for BNCT,
demonstrating significant therapeutic synergy when combined
with thermal neutron irradiation. We established that efficacy is
highly dependent on tumor cell type, driven primarily by differ-
ential uptake capacities. U87-MG (glioblastoma) and 4T-1
(breast cancer) models showed high sensitivity, while HepG-2
(liver cancer) exhibited resistance linked to poor BCD retention.
Crucially, we identified an intracellular concentration threshold
of approximately 20 ug B/mL requisite for significant therapeut-
ic outcomes under standard neutron fluence. These findings un-
derscore the potential of BCDs as a broad-spectrum radiosensit-
izer for solid tumors and highlight the necessity of personalized
dosimetry based on tumor metabolic characteristics in future clin-
ical translation attempts.
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