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f boron therapeutics in head and
neck cancer cells by complementary bulk ICP-MS
and single-cell (scICP-MS) approaches

Jack G. Finch,†a Rhiannon J. Pass, †a Maria Rita Fabbrizi, b

Aimee E. P. McLoughlin, a Stuart Green, c Jason L. Parsons b

and James P. C. Coverdale *ad

Boron neutron capture therapy (BNCT) is an emerging approach to radiotherapy. Neutron capture by

a boronated (10B) therapeutic yields high linear energy transfer alpha particles (helium nuclei, 4He) and

lithium-7 (7Li) atoms, eliciting a localised cell kill effect. Current methods to quantify boron in cells either

infer from circulatory concentrations and/or often overlook rapid boron pharmacokinetics. By

considering both sample preparation requirements and biological boron dynamics, we report two novel

approaches to quantify intracellular boron: firstly, rapid in situ tryptic and acidic digestion of treated cells

to avoid premature B efflux (LOD 10B+ = 0.2 mg L−1, LOD 11B+ = 0.4 mg L−1) with method suitability

confirmed by pre- and post-digestion spike recoveries (102.5 ± 0.5% and 103 ± 3% recovery,

respectively); secondly, real-time measurement of boron in live cells using single-cell ICP-MS (scICP-MS)

revealing real-time monitoring of boron efflux: biological half-life of ca. 6 min. These complementary

approaches deliver unprecedented insight into boron influx and efflux and provide essential bioanalytical

tools to advance both BNCT therapeutic development and single-cell elemental analysis.
Introduction

Head and neck squamous cell carcinoma (HNSCC) is the 7th
most common form of cancer worldwide with incidences of
∼890 000 cases per year and ∼450 000 deaths per year.1 X-ray
radiotherapy is oen used,2 however ca. 40% of patients will
develop a recurrence within 5 years,3 and a signicant number
of survivors will be at risk of radiation-induced secondary
malignancies.4 Boron neutron capture therapy (BNCT) repre-
sents an alternative approach which combines boronated small
molecule therapeutics with neutron irradiation to selectively
target tumours.5,6 Upon irradiation, low energy thermal
neutrons are captured by 10B, leading to the release of high
linear energy transfer (LET) a-particles and lithium-7 (7Li)
atoms which are sustained for a combined range of up to 15
microns, causing a localised cell kill effect.7 Due to the high-LET
radiation delivered, BNCT is signicantly more biologically
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effective than conventional radiotherapy.2,8 Early BNCT studies
were conducted using isotopically enriched boric acid, which
was not selectively accumulated by tumoral cells compared with
surrounding tissues.9 In response, second generation thera-
peutics were identied: L-4-dihydroxy-borono-phenylalanine
(L-BPA) and sodium borocaptate (BSH) which are currently
under clinical evaluation for the treatment of glioblastomas,
melanomas, meningiomas, as well as HNSCC.10,11

Successful neutron capture is dependent on achieving high
boron accumulation in cancer cells. It is generally accepted that
viable BNCT requires tumoral boron concentrations of 20–50 mg
g−1,12 though successful BNCT has been reported in 22Rv1
prostate xenogra tumours at 4–7 mg g−1 boron.13 In the clinic,
tumoral boron accumulation is oen inferred from the circu-
latory boron concentration,14 but this approximation does not
account for differences between tumoral and circulatory clear-
ance.15 Boron quantitation using ICP-MS is well established,
though memory effects (adhesion to sample introduction
apparatus) and interference from adjacent 12C+ (particularly for
biological samples) should be considered during method opti-
misation.16,17 Reliable measurement of intra-cellular boron
presents a further analytical challenge: boric acid and other
small molecule boron agents can freely and rapidly diffuse
across cell membranes.18Despite using a clinically relevant dose
of 25–150 mg mL−1 boron, ICP-MS quantitation of boric acid
treated telomerase immortalized human microvascular endo-
thelial cells and EA.hy926 cells by Verlinden and coworkers did
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not detect intracellular boron above the limit of detection
(LOD).19 Valuable strategies for carbon removal and the suit-
ability of external calibration standardisation were described,
but rapid diffusion (efflux) from cells did not appear to be
considered as a contributing factor.

An emerging alternative approach to whole-cell (bulk)
quantitation is single-cell inductively coupled plasma mass
spectrometry (scICP-MS), which facilitates measurement of
elements at the single-cell level. The technique remains limited
by sample handling challenges, but advances in sample intro-
duction and preparation methodology have increased its
application.20 A common approach is to apply chemical xation
to preserve cells for analysis: calcium and iridium content have
been quantied in single cells using 70% ethanol xation,21,22

while 4% formaldehyde solution has been employed to measure
endogenous elements in HepG2 liver cells,23 and 2% PFA was
used to quantify platinum in single ovarian cancer cells.24

Organic modiers (e.g. 10% methanol) have also been used in
scICP-MS improve nebulisation performance,25 but will impact
cellular xation. Importantly, chemical xatives disrupt
membrane physiology and permeability, so are unsuitable when
examining dynamic systems like those of boron. More recent
efforts have explored live cell ‘native’ analysis (without the
addition of chemical xative) but analytical considerations have
oen required biological trade-offs. Meyer et al. studied arsenite
bioavailability in A549 cells using scICP-MS by directly re-
suspended cells in water,26 neglecting hypotonicity and result-
ing cell turgidity. Buffer solutions have been explored: Galé and
coworkers used a phosphate buffered saline/water (1 : 3) mobile
phase to quantify platinum uptake (from cisplatin) in single
cells,27 while Shum et al. quantied a range of endogenous
analytes in sperm cells using a HEPES-buffered medium.
Though these approaches address pH, and to a degree osmo-
larity, non-volatile buffer salts will lead to deposition on inter-
face cones over time.

In this work, we report methodology to achieve single-cell
boron quantitation using an MS-compatible ammonium
acetate buffer to achieve scICP-MS in live unxed cells.
Ammonium acetate is a volatile buffer that readily decomposes
into volatile species (NH3 and CO2) during desolvation and
ionisation processes. This property is essential for mass spec-
trometry, where non-volatile salts or buffers (e.g. phosphate,
Tris, HEPES) would otherwise lead to salt deposition on inter-
face cones. From a theoretical perspective, ammonium acetate
is widely recognised as an MS-compatible buffer.28 Moreover,
100 mM ammonium acetate provides osmolarity nearly equiv-
alent to that of culture medium,29 maintaining cell morphology
and membrane integrity during short-term handling and
measurement of live cells. This is essential to ensure elemental
quantitation reects the true intracellular concentration, rather
than artefacts from osmolysis or compromised membranes.

Experimental
Materials and methods

Ammonium acetate (99.9999% trace metal basis), ammonium
hydroxide (99.9999% trace metal basis), cisplatin, nitric acid
2764 | J. Anal. At. Spectrom., 2025, 40, 2763–2772
(72%, 99.9999% trace metal basis), trichloroacetic acid, sulfo-
rhodamine B dye, and Tris base were purchased from Merck
(UK). All cell culture reagents (DMEM, MEM, non-essential
amino acid solution, foetal calf serum, trypsin/EDTA (0.25%)
solution, penicillin/streptomycin solution (10 000 units), and
Dulbecco's phosphate buffered saline, (D-PBS) were purchased
from Merck (UK). L-BPA (97%) was purchased from Fisher
Scientic (UK). Inorganic Ventures certied reference materials
for boron (1000 mg L−1 natural abundance B from H3BO3 in
water with trace ammonium acetate) and zinc (1000 mg L−1

natural abundance Zn from Zn metal in 2% v/v nitric acid) were
purchased from Essex Scientic Laboratory Supplies (UK).
Certied reference material for germanium (1000 mg L−1) was
purchased fromMerck. EQ four element calibration beads were
purchased from Standard BioTools (USA). Sterile plasticware
was purchased from Scientic Laboratory Supplies (UK) and
Starlab (UK). Anti-LAT1 primary antibody was purchased from
Cell Signalling Technology (USA). Odyssey blocking buffer was
purchased from Li-COR Biosciences (UK). Immobilon FL PVDF
membranes were purchased from Millipore (UK). Anti-actin
primary antibody was purchased from Merck (UK).

Cell culture

UM-SCC-74A cells (kindly provided by Professor Thomas Carey,
University of Michigan, USA) were maintained in Dulbecco's
Modied Eagle's Medium (DMEM) supplemented with foetal
calf serum (10% v/v), penicillin/streptomycin (1% v/v) and MEM
non-essential amino acid solution (1% v/v). FaDu cells
(acquired from ATCC, Virginia, USA) were maintained in
Minimum Essential Medium (MEM) supplemented with foetal
calf serum (10% v/v), penicillin/streptomycin (1% v/v) and MEM
non-essential amino acid solution (1% v/v). Cells were passaged
at twice weekly intervals using trypsin/EDTA, used at low
passage number, and maintained in a 5% CO2 humidied
environment at 37 °C (standard conditions).

Antiproliferative activity (GI50) determination

Half-maximal growth inhibition concentrations (GI50) were
determined using the sulforhodamine B (SRB) assay. Briey, 5
× 104 UM-SCC-74A or FaDu cells were seeded in 96-well plates
and incubated under standard conditions for 48 h. The super-
natant was removed by aspiration, and cells were treated with
dened concentrations of boric acid (0.0001–50 mM) prepared
by serial dilution of a 1000 mg L−1 boric acid certied reference
material (H3BO3 in water, sterilised by 0.2 mm ltration) or L-
BPA prepared as a stock solution in 10% w/v mannitol (Merck),
sterilised using a 0.2 mm sterile ltration, and the stock
concentration standardised by ICP-MS before use. Cells were
incubated for 24 h exposure time. The supernatant was then
removed by aspiration, cells were washed with D-PBS (100 mL)
and to each well was added ice-cold 10% v/v trichloroacetic acid
solution for 1 h. Fixed cells were washed with water using
a Molecular Devices Multiwash+ microplate washer, and excess
water was removed by blotting onto paper towel. To each well
was then added 50 mL sulforhodamine B (0.4% v/v dye in 1% v/v
acetic acid) for 30 min. Excess dye was removed by sequential
This journal is © The Royal Society of Chemistry 2025
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washes with 1% acetic acid using a Molecular Devices Multi-
wash+ microplate washer and blotting onto paper towel. Tris
base (10 mM, pH 10, 200 mL) was added to each well and
incubated for 1 h. Absorbance (492 nm) was measured using
a BMG Labtech FLUOstar Omega microplate reader. Data were
analysed using Microso Excel and GraphPad Prism 10 for
MacOS, to calculate half-maximal growth inhibition concen-
trations (GI50) from dose–response tting. Calculated values
were reported as the mean ± standard deviation of two inde-
pendent biological experiments, each performed in experi-
mental triplicate (duplicate of triplicate analysis).
ICP-MS sample preparation: acidic digestion

All cellular accumulation experiments were performed in bio-
logical triplicate. Briey, 5 × 105 UM-SCC-74A or FaDu cells
were seeded in P100 dishes and incubated under standard
conditions for 24 h. The supernatant was removed by aspira-
tion, and cells were treated with a xed concentration of boric
acid (4.63 mM, 10 mL, 50 mg L−1 boron equivalent) for 0–24 h
with or without recovery time in boron-free medium ±

phenylalanine supplementation (4.63 mM, 10 mL). Aer this
time, the supernatant was removed by aspiration, cells were
washed D-PBS and harvested with trypsin/EDTA (1 mL). Trypsin
activity was quenched by addition of a known volume of cell
culture medium (typically 6 mL) and a cell count obtained in
duplicate per sample (10 mL using a C-Chip disposable hae-
mocytometer). A cell pellet was obtained by centrifugation
(1000 rpm, 5 min) which was further washed with D-PBS (1 mL),
transferred to an Eppendorf, and the supernatant removed by
centrifugation (1000 rpm, 5 min). Pellets were digested by
addition of 72% v/v ultrapure nitric acid (200 mL, 50 °C, over-
night) and subsequently diluted to a 3.6% v/v working acid
concentration using type I water. Spike-recovery experiments (N
= 5) were prepared by standard addition of certied reference
material to achieve a nal working concentration of 50 mg L−1

boron, either prior to, or post-digestion.
ICP-MS sample preparation: in situ digestion

This experiment was carried out as described for acidic diges-
tion with the following modications: cell counts were obtained
in duplicate per sample, from a set of triplicate biological
samples. Aer removal of the boron-containing supernatant by
aspiration, cells were washed with D-PBS (2 × 20 mL) and
subject to in situ tryptic digestion (0.25% trypsin in ammonium
acetate, 99.9999% trace metal basis, 100 mM, pH 7.4 adjusted
using trace metal grade ammonium hydroxide) at 37 °C. Once
cell detachment was observed (ca. 5 min) cells were mixed by
pipetting to achieve a single cell solution, from which a cell
count (10 mL using a C-Chip disposable haemocytometer) was
determined. To further exploit protease action, cells were
maintained in trypsin for 24 h. To each sample was then added
72% v/v ultrapure nitric acid (50 °C, overnight) and then
samples were diluted to achieve a working acid concentration of
3.6% v/v using type I water.
This journal is © The Royal Society of Chemistry 2025
Single-cell scICP-MS sample preparation

Single-cell samples for scICP-MS analysis were prepared
immediately prior to analysis: UM-SCC-74A cells were treated
with boric acid (4.63 mM, 50 mg L−1 boron equivalent) for 2 h
and harvested using trypsin/EDTA. Trypsin activity was
quenched by the addition of cell culture medium, a cell pellet
was obtained by centrifugation (2000 rpm, 1 min) and the
supernatant medium was removed by aspiration. Cells were
then washed with D-PBS and the supernatant removed by
centrifugation (1000 rpm, 5 min). Cells were re-suspended in
ammonium acetate buffer (99.9999% trace metal basis,
100 mM, pH 7.4 adjusted using trace metal grade ammonium
hydroxide) in preparation for scICP-MS.
ICP-MS analysis

Acid digest samples were analysed using a NexION 300X
inductively coupled plasma mass spectrometer (ICP-MS) tted
with a PerkinElmer S10 autosampler, low-adsorption PFA neb-
uliser and spray chamber. To minimise boron memory effects,
extended rinse time (3.6% v/v HNO3) was included between all
samples and standards. Nebulizer gas ow: 0.94 L min−1,
auxiliary gas ow: 1.2 L min−1, plasma gas ow: 18.0 L min−1,
ICP RF power: 1600 W. Multi-element calibrants (B and Zn, 0.1–
1000 mg L−1) were freshly prepared in 3.6% v/v ultrapure nitric
acid from single-element certied reference materials. Limits of
detection (LOD, 3s) and quantication (LOQ, 10s) were calcu-
lated for each analyte from sample blank replicates (N = 10).
Data for 10B+ and 11B+ (no-gas mode) and 66Zn+ (He-gas mode)
were acquired using Syngistix (version 3.3) for Windows (Per-
kinElmer Inc.) and processed using Microso Excel. Boron and
zinc concentrations were normalised by cell number. Statistical
analyses were calculated at the 95% condence level using
a two-tailed t-test assuming unequal sample variance (Welch's t-
test).
Immunoblotting

Whole cell extracts were prepared from the cell pellets as
previously described.30 Protein extracts (40 mg) were separated
by 10% Tris-glycine SDS-PAGE then proteins were transferred
onto an Immobilon FL PVDF membrane. Membranes were
blocked using Odyssey blocking buffer and incubated with the
anti-LAT1 primary antibody overnight at 4 °C or with the anti-
actin primary antibody at room temperature for 1 h.
Membranes were washed with PBS containing 0.1% Tween-20,
incubated with either Alexa Fluor 680 or IR Dye 800 secondary
antibodies at room temperature for 1 h, then further washed
with PBS containing 0.1% Tween 20. Proteins were visualized
and quantied using a Li-COR Biosciences Odyssey image
analysis system.
Single-cell scICP-MS analysis

Single-cell ICP-MS samples were analysed using a NexION 300D
inductively coupled plasma mass spectrometer (ICP-MS) tted
with an Elemental Scientic MicroFAST MC autosampler for
single-cell analysis, an Asperon spray chamber and a high-
J. Anal. At. Spectrom., 2025, 40, 2763–2772 | 2765
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efficiency nebuliser (HEN). Flow rate: 0.01 mL min−1, dwell
time: 40 ms, scan time: 40 s, nebuliser gas ow: 0.4 L min−1,
makeup gas ow: 0.7 L min−1, auxiliary gas ow: 1.2 L min−1,
plasma gas ow: 18 Lmin−1, ICP RF power: 1600W. Data 11B+ or
165Ho+ (no-gas mode) were acquired in time-resolved analysis
(single-cell mode) using Syngistix (version 3.3). Transport effi-
ciency was determined using EQ rare-earth element doped
cytometry calibration beads containing 131/133Eu, 135/136Lu, 140/

142Ce and 165Ho prepared at a density of 3.3 × 104 particles
per mL in ammonium acetate (99.9999% trace metal basis,
100 mM, pH 7.4 adjusted using trace metal grade ammonium
hydroxide). Boron calibration standards (0.1–1000 mg L−1) were
freshly prepared in ammonium acetate (99.9999% trace metal
basis, 100 mM, pH 7.4) from a single-element certied reference
material. Data were acquired and processed using Syngistix
(version 3.3) for Windows (PerkinElmer Inc.), with post-
processing in Microso Excel and GraphPad Prism 10 for
MacOS. The mass of analyte (11B) per cell (m, ag per cell) was
calculated as the product of transport efficiency (h), sample ow
rate (Qs), dwell time (td) and the background-corrected signal
(Isample − Ibackground) divided by the gradient of the calibration
(b). Single-cell analysis was performed in a time-dependent
manner (t = 9 ± 1 min, 17 ± 1 min, 26 ± 1 min and 41 ± 1
min) where t0 is dened as the time the boron-containing
supernatant was removed. Single cell events were charac-
terised as peaks dened by a minimum of ve sequential
measurements (i.e. 5× 40 ms, exemplar data shown in Fig. 3 and
SI). Data were reported as a histogram of boron mass per cell
(11B, ag per cell, bin width = 400) and a Gaussian distribution
tted using a non-linear regression model (Prism 10). Mean 11B
content was plotted as a function of time and tted using a one-
phase decay model to determine biological half-life.
Statistical analysis

All experimental data are reported as the mean ± standard
deviation. Statistical signicance was determined using an
unpaired, two-tailed t-test assuming unequal sample variances
(Welch's t-test) at the 95% condence level (p < 0.05).
Results and discussion
Acidic (bulk) digestion method development

Growth inhibition (GI50) by boric acid was initially determined
using the sulforhodamine B assay in two HNSCCmodels: GI50=
30 ± 1 mM in UM-SCC-74A cells, 32 ± 6 mM in FaDu cells
(Fig. 1a and SI Table S1), conrming that cellular accumulation
experiments could be undertaken using a dose that is both
clinically relevant (typically administered to achieve 50 mg L−1

intracellular boron) and non-lethal to cells in 2D adherent
culture.12 With this knowledge in hand, boron accumulation
was quantied in cells using inductively coupled plasma mass
spectrometry (ICP-MS). Although 11B has greater natural abun-
dance (0.801(7) natural abundance), samples containing high
levels of organic carbon (12C) may impact 11B+ quantitation, and
the 10B isotope (0.199(7) natural abundance) is essential for
BNCT. Zinc (as 66Zn+) was also quantied as a proxy for cell
2766 | J. Anal. At. Spectrom., 2025, 40, 2763–2772
content. Limits of detection (LOD, 3s) were determined for each
analyte from ten sample blank replicates: 10B+= 0.2 mg L−1, 11B+

= 0.4 mg L−1, 66Zn+ = 0.8 mg L−1. Spike-recovery experiments
(50 mg L−1 B) pre- and post-digestion (72% v/v HNO3, 50 °C,
overnight) revealed no signicant impact of acidic digestion on
boron spike recovery (102.5 ± 0.5% and 103 ± 3% respectively).
Furthermore, no 10B+ or 11B+ was measured above LOD in
unspiked cell pellets (1–5 × 106 cells) aer acidic digestion,
relative to the cell-free external calibrants (SI, Table S2),
excluding signicant interference (e.g. from 12C+) under these
conditions.

With analytical methodology in hand, cells were treated with
a range of concentrations of boric acid (0.001–10 mM) for 24 h.
Initially, aer acidic digestion of cell pellets, no boron was
detected above the limit of detection (SI, Table S2), consistent
with previous efforts.19 To exclude exposure time (e.g. slow
uptake or rapid efflux) the experiment was repeated with time-
dependent exposure to an equimolar treatment of boric acid
(50 mg L−1 boron equivalent) yet still, no boron was detectable
(SI, Table S3). This result was surprising, given the high treat-
ment concentration and apparent analytical sensitivity. During
these initial experiments, cells were harvested using trypsin/
EDTA and cell pellets obtained by re-suspension and centrifu-
gation, the complete biological sample preparation requiring
up to 1 h per sample. However, boric acid diffusion across
membranes is rapid: the permeability coefficient of boric acid
in Xenopus oocytes is 1.5 × 10−6 cm s−1,31 while in phosphati-
dylcholine liposomes, boric acid permeability coefficients
ranged from 7 × 10−6 to 9.5 × 10−9 cm s−1 depending on the
presence of sterols, the type of phospholipid head group, the
length of the fatty acyl chain, and pH.32

It was hypothesised that intracellular boron rapidly effluxes
into the supernatant during biological sample collection and
processing. In response, we revised our sample preparation
methodology to minimise the time between removal of the
supernatant and elemental analysis. Immediately aer treat-
ment of adherent cells with boric acid, cells were washed with
excess phosphate buffered saline (2 × 20 mL) and digested in
situ by addition of 0.25% trypsin in ammonium acetate
(99.9999% trace metal basis, 100 mM) for 24 h followed by
ultrapure nitric acid (72% v/v, 50 °C) for a further 24 h, before
diluting to a working nitric acid concentration of 3.6% v/v. The
trypsin incubation time was intentionally extended (24 h,
compared to conventional trypsinisation of ca. 5 min) to exploit
protease action for both detachment from the culture surface
and initial cell digestion. This reduced sample handling time
(i.e. from removal of boron-containing medium to addition of
trypsin solution which remains in the nal sample) from
minutes to seconds, enabling quantication of analytes with
moderately rapid ux. Both isotopes of boron (10B and 11B) were
measured in all samples to exclude signicant interference
from organic (cell-derived or ammonium acetate) neighbouring
12C+. No signicant difference between m/z = 10 and m/z = 11
was observed (see SI for full ICP-MS data).
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Biological cytotoxicity and cellular accumulation of boron in cancer cells. (a) GI50 determination (24 h) for boric acid or L-BPA in UM-SCC-
74A cells using the SRB assay. Cell viability experiments were determined as part of two independent biological experiments; each performed in
triplicate. (b) Intracellular boron (fg per cell) determined in UM-SCC-74A (blue) or FaDu (red) cells treated with equimolar concentrations
(4.63 mM, 50 mg L−1 boron equivalent) of boric acid. (c) Intracellular boron (fg per cell) determined in UM-SCC-74A (blue) or FaDu (red) cells
treated with equimolar concentrations (4.63 mM, 50 mg L−1 boron equivalent) of L-BPA. Non-linear curve fits used a Michaelis–Menten derived
non-linear regression: Km(UM-SCC-74A) = 4.896 h, Km(FaDu) = 2.758 h, Vmax(UM-SCC-74A) = 660.1 fg per cell, Vmax(FaDu) = 703.5 fg per cell.
Fitting constraint: Km > 0. Accumulation data are the average of three independent biological samples (N = 3). All error bars are ±standard
deviation. Full numerical data can be found in the SI. (d) LAT1 and actin immunoblotting in a panel of head and neck squamous cell carcinoma
(HNSCC) lines, reported with LAT1/actin ratios. Full uncropped gels are found in the SI.
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In situ digestion analysis

Time-dependent sampling was repeated using this revised
sample preparation, revealing rapid boron accumulation in
both UM-SCC-74A and FaDu cell lines treated with 4.63 mM
boric acid (50 mg L−1 boron equivalent) reaching an intracel-
lular concentration of 629 ± 82 fg per cell for UM-SCC-74A and
563 ± 171 fg per cell for FaDu within 30 min. Equimolar
treatment resulted in statistically similar accumulation proles,
irrespective of the HNSCC cell line. Within ca. 1 h, boron
accumulation in both cell lines reduced to a linear plateau (ca.
160–180 fg per cell) which was sustained for the remaining
duration, establishing an equilibrium with the extracellular
medium concentration. Assuming the volume of a FaDu cell to
be 3 ng,33 160 fg per cell is equivalent to ca. 50 mg L−1 intra-
cellular boron, i.e. equilibrium established with extracellular
concentration (Fig. 1b). Using atomic emission spectroscopy
(ICP-AES) aer microwave digestion of cells treated with 65%
HNO3/30% H2O2, Huang et al. quantied 60–80 fg per cell
intracellular boron in HepG2 cells treated with 25 mg L−1 boric
acid, and identied a similar linear plateau from 0.5–2 h.34
This journal is © The Royal Society of Chemistry 2025
Though broadly in agreement with our ndings (factoring for
the lower dosage of boric acid), cell harvesting and digestion
appeared to be carried out ex situ, although some experimental
details are not provided (e.g. harvesting method, sample prep-
aration time). In our new approach, in situ pellet collection
minimises sample preparation time, which may otherwise
underestimate the true intracellular concentration. A different
study described the harvesting of boric acid treated cells by
scraping and low-speed centrifugation (200 rcf, 10 min), deter-
mining a boron intracellular concentration of 10–12 mg g−1

though curiously, the cell pellet and supernatant were recom-
bined prior to boron quantication.35 Data comparability is
limited by normalisation method (by cell count or mass) and
treatment concentration (25 or 50 mg L−1 boric acid) but esti-
mation of our data in w/w units (assuming the density of a cell
to be 1 g L−1) gives 53–60 mg g−1.33 Although analyte loss during
ex situ sample preparation could explain this discrepancy,
differing experimental conditions limit the certainty of this
interpretation.

Experiments were repeated using the second generation
BNCT therapeutic, L-BPA. Similarly to boric acid, L-BPA is non-
J. Anal. At. Spectrom., 2025, 40, 2763–2772 | 2767
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toxic to cells at millimolar concentrations (Fig. 1a) and so was
administered at an equimolar concentration (4.63 mM,
50 mg L−1 boron equivalent). Boron accumulation from L-BPA
was slower than that of boric acid and gradually accumulated
over 24 h, modelled using Michaelis–Menten derived non-linear
regression: Km(UM-SCC-74A) = 4.896 h, Km(FaDu) = 2.758 h
with similar Vmax (660.1 and 703.5 fg per cell for UM-SCC-74A
and FaDu, respectively) suggesting boron inux was more
rapid in FaDu cells but essentially equal to UM-SCC-74A aer
24 h treatment (Fig. 1c and SI). Differential rates of L-BPA uptake
may be explained by relative expression of the L-type amino acid
transporter LAT1 which has previously been associated with L-
BPA uptake, particularly at lower L-BPA concentrations.15,36

Immunoblotting showed LAT1 expression was ca. 37-fold
greater in FaDu compared with UM-SCC-74A (Fig. 1d). None-
theless, LAT2 has also been shown to transport L-BPA in vitro,37

while the secondary-active amino acid transporter ATB0,+ is
thought to contribute to L-BPA uptake at higher
concentrations.36
Effect of recovery time on boron accumulation

Following 24 h L-BPA treatment, intracellular boron was next
measured in cells that had been allowed recovery time in L-BPA-
free medium. In contrast to the differential uptake of L-BPA rate
during the rst 24 h, boron efflux was rapid in both cell lines,
and essentially complete (below LOD) within ca. 3 h (Fig. 2a).
Modelling using a one-phase exponential decay revealed boron
efflux to be ca. 3-fold faster from FaDu cells than UM-SCC-74A
cells (biological half-life, t1

2
= 0.18 ± 0.05 h and 0.54 ± 0.04 h

respectively, p= 0.0111). Hypothesising that rapid efflux may be
Fig. 2 (a) Intracellular boron (fg per cell) determined in UM-SCC-74A (bl
(4.63 mM, 50 mg L−1 boron equivalent) for 24 h, washed with PBS an
Intracellular boron (fg per cell) determined in FaDu cells treated with equ
for 24 h, washed with PBS and then allowed recovery time (t = 0–6 h)
plemented with equimolar (4.63 mM) phenylalanine (black). Non-linear
model:m0 (intracellular boron at t= 0 h/fg per cell)= 568.0 (FaDu), 532.0
time/fg per cell)= 25.23 (FaDu), 44.99 (FaDu + Phe), 6.375× 10−6 (UM-SC
(UM-SCC-74A). Fitting constraint: mN > 0, k > 0. Accumulation data are
bars are ±standard deviation. Full numerical data can be found in SI Tab

2768 | J. Anal. At. Spectrom., 2025, 40, 2763–2772
driven by an amino acid concentration gradient (established
aer removal of extracellular L-BPA), FaDu cells treated with L-
BPA for 24 h were allowed recovery time in medium supple-
mented with phenylalanine (4.63 mM) which is structurally
similar to L-BPA (Fig. 2b). The presence of phenylalanine was
hypothesised to saturate amino acid transporters (such as LAT1,
for which L-BPA is a known substrate) and thus expected to
reduce the rate of L-BPA efflux. Curiously, no signicant differ-
ence in efflux rate was observed (biological half-life, t1

2
= 0.14 ±

0.03 h, p = 0.5420). These results at rst appear contradictory:
FaDu cells (high LAT-1 expression) showed faster L-BPA efflux
than from UM-SCC-74A cells, yet medium supplementation
with phenylalanine (a LAT-1 substrate) did not impact efflux
from LAT-1 expressing FaDu cells. However, only LAT-1
expression was quantied in this work, and while it is likely
that various ABC (ATP-binding cassette) or SLC (solute carrier)
transporters contribute to L-BPA efflux, such an investigation is
beyond the scope of this study.
Single-cell scICP-MS method development

Next, we developed methodology to measure boron in live cells
using single-cell ICP-MS (scICP-MS). This emerging technique
enables the study of sample heterogeneity at the single-cell
level. Our approach was dened by three criteria: (1) analysis
of live, viable cells without xation (alcohol, glutaraldehyde, or
other xatives) that could impact membrane diffusion; (2)
identication of an MS-compatible mobile phase that could
sustain viable cells for at least 1 h; (3) rapid sample preparation
to enable observation of boron in cells. Tris-glucose and D-PBS
buffers have been investigated for various bioinorganic
ue) or FaDu (red) cells treated with equimolar concentrations of L-BPA
d then allowed recovery time (t = 0–6 h) in L-BPA-free medium. (b)
imolar concentrations of L-BPA (4.63 mM, 50 mg L−1 boron equivalent)
in either: (i) L-BPA-free medium (red) or (ii) L-BPA-free medium sup-
curve fits used a one-phase exponential decay non-linear regression
(FaDu + Phe), 566.3 (UM-SCC-74A);mN (intracellular boron at infinite
C-74A); k (rate constant/h−1)= 3.841 (FaDu), 4.866 (FaDu + Phe), 1.284
the average of three independent biological samples (N = 3). All error
les S7 and S8.

This journal is © The Royal Society of Chemistry 2025
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chemistry applications,29 but are unsuitable for mass spec-
trometry due to their non-volatility, leading to salt deposits at
the MS interface. In contrast, ammonium acetate has been used
to preserve cellular elemental content prior to synchrotron-
based X-ray uorescence microscopy and is widely used for
electrospray ionisation mass spectrometry since it can undergo
proton transfer to form volatile ammonia and acetic acid.28

Importantly, ammonium acetate solutions exhibit osmolarity
comparable to cell culture medium. Percentage transport effi-
ciency (TE) of particles to the MS source was determined using
a counting-based method, i.e. the number of single-cell events
detected by the instrument relative to a known density of 165Ho-
doped cytometry beads as a model of cells. Unlike dissolved
(liquid) calibrants which have a constant number of events per
dwell time (typically counts per second), single-particle events
were dened by a minimum of ve sequential data points (40 ms
dwell times) to distinguish from background noise (Fig. 3 and
SI). TE was determined at the beginning of the batch (and
assumed constant) using a well-dened cytometry bead stan-
dard containing a known and homogenous metal loading and
particle density. This approach was considered preferable to
estimation using endogenous cellular elements such as Zn, Fe
or Cu, whose inherently heterogeneous intracellular concen-
trations could obscure the true TE of the system. Using a high
efficiency nebuliser and Asperon spray chamber, TE = 25.9%
was achieved, in line with similar efforts reported in the liter-
ature (8–30%).38 While examples have reported TE ∼ 100% by
including a sheath uid of PBS to protect the cell suspension,39

such a high salt matrix is detrimental for repeat or long-term
analyses for the aforementioned reasons.
Fig. 3 Schematic single-cell ICP-MS (scICP-MS) workflow: (i) boron-tre
introduction via high efficiency nebulizer and Asperon spray chamber
acquisition with short (40 ms) dwell time; (v) single cell event defined by

This journal is © The Royal Society of Chemistry 2025
Boric acid was selected as a suitable treatment for scICP-MS
method development because it is a membrane-permeable
small molecule that is known to rapidly equilibrate across the
plasma membrane, leading to relatively homogenous and
predictable intracellular boron distribution. This homogeneity
is advantageous when establishing and validating scICP-MS
and helps to distinguish analytical variability from true bio-
logical heterogeneity. L-BPA was shown to be a substrate of LAT-
1 (Fig. 2a) so may experience saturation effects, and its accu-
mulation is dependent on LAT1 expression, membrane poten-
tial and cellular metabolic state. At this stage, performing scICP-
MS on L-BPA treated cells would therefore introduce additional
biological variability that could obscure analytical performance.
To achieve scICP-MS analysis of boron in live cells, UM-SCC-74A
cells were treated with 50 mg L−1 boric acid for 2 h, washed with
D-PBS to remove extracellular or weakly surface-bound boron,
harvested using trypsin/EDTA and immediately resuspended in
ammonium acetate, a procedure that could be completed in
under 10 min. A low ow rate (10 mL min−1) was used to reduce
shear forces and minimise cell lysis prior to (or during) nebu-
lisation, and to further reduce potential misclassication of cell
fragments as single cells, we applied post-acquisition ltering
based on event duration (a minimum of ve sequential
measurements) and intensity thresholds. Importantly, the
frequency and shape of individual events were symmetric
(Fig. S4–S7) which are consistent with intact single cells.
Samples were prepared at four efflux timepoints, dened as the
time interval aer removal of the boric acid-containing super-
natant (recovery time). Live-cell autosampling used cell-
repellent 96-well plates.
ated cell suspension (100 mM ammonium acetate, pH 7.4); (ii) sample
; (iii) low flow rate (10 mL min−1) ICP-MS analysis; (iv) time-resolved
$5 sequential measurements, (vi) conversion to frequency histogram.

J. Anal. At. Spectrom., 2025, 40, 2763–2772 | 2769
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Fig. 4 Intracellular boron efflux (fg per cell) determined in UM-SCC-74A by single-cell ICP-MS (scICP-MS). After 3 h exposure to boric acid
(4.63 mM, 50 mg L−1 boron equivalent) cells were washed twice with D-PBS (2 × 20 mL) and re-suspended in boron-free medium for variable
recovery time (9, 17, 26, 41 min). (a) Frequency histograms (boron mass per cell) were recorded at four timepoints. (b) Normalised frequency
histograms. (c) Mean mass as a function of recovery time. Biological half-life (solid line) was modelled using a one-phase exponential decay
model (dashed lines show 95% confidence intervals).
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As recovery time increased, the intracellular concentration
decreased, from 4853 ag per cell (t = 9 min) to 1252 ag per cell
(t = 41 min) (Fig. 4a). Importantly, the mass distribution width
narrowed over time, and tended towards a singular theoretical
mass per cell (Fig. 4b). This observation was consistent with the
experimental design: intracellular boron effluxes into a nite
volume of ammonium acetate mobile phase eluent. It was
hypothesised that the apparent intracellular concentration at
t = 41 min is indicative of equilibrium establishment, whereby
[intracellular 11B] = [extracellular 11B], since quantication of
boron at time t only provides a measure of overall accumulation
(i.e. competing inux and efflux processes).

One-phase exponential decay modelling of the mean intra-
cellular boron concentration over time (R2 = 0.9993) facilitated
measurement of biological half-life, t1

2
= 5.7 min, 95% CI [1.3,

20.8] (Fig. 4c). This estimation in fact explains our initial
experiments which failed to quantify intracellular boron by
conventional cell pellet preparation, typically requiring 1 h of
sample preparation time. In a worked example calculation, aer
1 h (given t1

2
ca. 6 min), a 160–180 fg per cell intracellular

concentration would be reduced to 0.156–0.176 fg per cell (10
biological half-lives). Assuming typical digestion methodology
(200 mL of 72% v/v concentrated nitric acid and 20-fold acid
dilution to an instrument-compatible working concentration),
a typical sample of 1×106 cells per 4 mL would have a dissolved
concentration of 0.039–0.044 mg L−1 aer 1 h, an order of
2770 | J. Anal. At. Spectrom., 2025, 40, 2763–2772
magnitude below the limit of detection (11B LOD = 0.4 mg L−1).
This worked example was supported by a practical determina-
tion: cells were treated with boric acid for 2 h, washed with D-
PBS and allowed 1 h recovery time in boron-free cell culture
medium (efflux time). Subsequent in situ analysis of cells
allowed recovery time contained no detectable boron (11B <
LOD). Importantly, scICP-MS negates sample dilution require-
ments of acidic digestion and rapid sample preparation facili-
tates immediate quantitation of intracellular boron, which in
turn enables reliable measurement at later time points (e.g.
during efflux) when analyte concentration would be too low to
detect accurately in bulk digests. Beyond analytical sensitivity,
scICP-MS provides biological insights that bulk measurements
cannot: boron content is quantied in living cells, allowing
observation of cell-to-cell heterogeneity in boron uptake and
retention that is discarded by population-averaged bulk anal-
ysis. Critically, because scICP-MS preserves cells in a viable state
immediately prior to measurement, it permits real-time moni-
toring of dynamic processes such as boron efflux from cells; an
important parameter in understanding intracellular retention
and therapeutic efficacy for BNCT. Nonetheless, bulk ICP-MS
remains a powerful complementary approach, particularly
when combined with in situ digestion sample preparation
developed in this work, capturing an immediate “snapshot” of
total boron content at dened time points, which is especially
valuable for rapidly diffusing analytes. Integration of both bulk
This journal is © The Royal Society of Chemistry 2025
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analysis and scICP-MS therefore provides a more complete and
mechanistically informative overview of boron dynamics.

Conclusions

An ‘ideal’ compound for BNCT should selectively accumulate in
cancerous tumours over healthy tissues, so robust methods to
reliably measure boron levels in cells are required to identify
next generation boronated drugs. To the best of our knowledge,
this is the rst example of boron quantitation using single-cell
ICP-MS (scICP-MS) and has been applied to quantify boron ux
in living cells. This approach provides direct measurement
without signicantly altering the physiology of the biological
sample during analytical preparation, particularly by avoiding
use of chemical xatives that affect membrane permeation. In
this application, our ndings challenge the existing paradigm
which suggested boric acid does not accumulate in cells at
concentrations sufficient to overcome ICP-MS limits of detec-
tion.19 By carefully considering both biological sample prepa-
ration and analytical instrumentation requirements, boric acid
and L-BPA are shown to be rapidly excreted from cells in 2D
culture, a nding that may have signicant implications on the
clinical use of boric acid or L-BPA for BNCT, considering the
timing of therapeutic administration and neutron irradiation.
Importantly, this analytical toolkit now provides a platform for
follow-up pharmacokinetic and pharmacodynamic studies to
explore boron ux and dynamics in more complex in vitro (e.g.
spheroid or organoid) and in vivo models.
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