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Modeling Boron Neutron Capture Therapy
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Street, Loma Linda, CA 92350, USA
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Abstract

The amino acid derivative 4-borono-L-phenylalanine (BPA) has been used in the radiation 

medicine technique boron neutron capture therapy (BNCT). Here we have characterized its 

interaction with DNA when incorporated into a positively charged hexa-L-arginine peptide. This 

ligand binds strongly to DNA and induces its condensation, an effect which is attenuated at higher 

ionic strengths. The use of an additional tetra-L-arginine ligand enables the preparation of a DNA 

condensate in the presence of a negligible concentration of unbound boron. Under these 

conditions, Monte Carlo simulation indicates that >85% of energy deposition events resulting from 

thermal neutron irradiation derive from boron fission. The combination of experimental model 

systems and simulations that we describe here provides a valuable tool for accurate track structure 

modeling of the DNA damage produced by the high LET particles involved in BNCT.

Keywords

DNA damage; DNA condensation; Neutron irradiation; Boron; Monte Carlo simulation

1. Introduction

Ionizing radiation damages DNA in biological targets (Sage and Harrison, 2011). The 

chemical modifications to DNA result from two different pathways, the direct and indirect 

effects. With direct-type effects, the DNA and approximately 10–12 tightly bound waters of 

solvation are ionized. In the indirect effect, ionization of the aqueous solvent produces 

highly reactive intermediates some of which react with the DNA. The hydroxyl radical is the 

species mainly responsible for the indirect effect (von Sonntag, 2006). Irradiating a target 

such as a mammalian cell nucleus, scavenging data show that the direct effect and indirect 
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effects both make a significant contribution to the biological effects of irradiation (Chapman 

et al., 1973).

Experimental investigation of the chemistry of the indirect effect in dilute solution is 

straightforward, because the contribution of the direct effect is negligible. Modeling the 

direct effect in aqueous solution is challenging because it requires attenuating the dominant 

indirect effect. Conditions required to achieve this employ cryogenic temperatures, 

dehydration, or very large concentrations of scavengers (Swarts et al., 1996; Sharma et al., 

2008; Adhikary et al., 2009; Yokoya et al., 2009). The intention is to limit the formation or 

diffusion of the reactive intermediates responsible for the indirect DNA damage.

By the usual standards of biochemistry, these experimental conditions are unusually harsh. 

They also interfere with important further reactions of damaged DNA, for example with 

oxygen and water (von Sonntag, 2006). These limitations can be addressed by using 

condensed DNA in room temperature aqueous solution as the irradiation target (Ly et al., 

2006). Condensed DNA assumes a highly aggregated conformation that is not accessible 

from the bulk solution. This DNA condensation can be replicated using peptides to model 

the close association of DNA with amino acid residues in cellular chromatin (van Holde and 

Slatanova, 2007; Perisic and Schlick, 2017). Peptides as the aggregating agents, can achieve 

the desired attenuation of the indirect effect. We wished to explore the suitability of this 

model system for the DNA damage produced under conditions used in boron neutron 

capture therapy (BNCT). Monte Carlo track structure calculations for BNCT seek to 

correlate their results with biological effects (Baiocco et al., 2016), but there is little 

chemical data available to calibrate these biophysical models.

Therapeutic applications of isotopes with large cross sections for neutron capture (Locher, 

1936) were proposed only a few years after the discovery of the neutron itself (Chadwick, 

1932). Attention concentrated on boron-10 (Sweet, 1951; Javid et al., 1952), because of its 

combination of reasonable natural abundance (ca. 20%), unusually efficient neutron capture 

(Sears, 1992), and prompt alpha particle emission. In the 10B(n,α)7Li reaction, neutron 

capture by boron-10 forms helium-4 (α-particle) and lithium-7 (Figure 1). Disintegration 

products are 1.5 MeV helium-4 and 0.84 MeV lithium-7 ions plus a 0.48 MeV γ-ray 94% of 

the time; or 1.8 MeV helium-4 and 1.0 MeV lithium-7 ions 6% of the time (Yue et al., 

2018). The ions carry most of the 2.8 MeV Q-value, and comprise a pair of high linear 

energy transfer (LET) particles with ranges in tissue of below 10 μm (Kempe et al., 2007); 

which is the length scale of a mammalian cell. The dose deposited in a cell by a single α-

particle track is ca. 0.5 Gy (Lorimore et al., 1998). Thus, several of these light ion tracks are 

required to inflict enough damage to be lethal (Raju et al., 1991; Fournier et al., 2012).

Neutron capture by boron offers the possibility of major benefits compared to conventional 

radiation therapy with low-LET X-rays because it involves the formation of short-range 

high- LET particles (Wagner et al., 2012). The short range confers an advantage by 

mitigating lethal radiation effects to nearby healthy tissues (Prasanna et al., 2012). The high 

LET nature of the particles overcomes the radioresistance of hypoxic tumor cells (Tinganelli 

et al., 2013). In practice, there are substantial pharmacological challenges in targeting boron 

delivery agents to the desired biological location in sufficiently high concentrations 
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(Hawthorne and Lee, 2003) as well as difficulties with the dosimetry of short-range particles 

(Ono et al., 2019). Nevertheless, there is continuing interest in BNCT (Moss, 2014; Barth et 

al., 2018a).

The most commonly used agent in BNCT is 4-dihydroxyboryl-L-phenylalanine, also called 

4- borono-L-phenylalanine and abbreviated as BPA (Barth et al., 2018b). In this work, we 

linked BPA to a cationic peptide, which binds strongly to DNA. By adding a second boron-

free peptide, which binds to DNA less strongly (because it has fewer positive charges 

(Mascotti and Lohman, 1997)), it is possible to produce a DNA condensate with very low 

levels of unbound boron. Thereby, we created a room-temperature aqueous model system for 

characterizing the interaction of DNA with the high LET particle tracks of BNCT. 

Importantly, we defined the conditions required for this condensate to be formed for 

irradiation, as well as the conditions for re-dissolution necessary for subsequent assays of 

DNA damage.

2. Materials and Methods

2.1. Biochemicals

The ligands N-acetyl-4-dihydroxyboryl-L-phenylalaninyl-hexa-L-arginine amide (Ac-BPA-

Arg6- NH2) and N-acetyl-tetra-L-arginine amide (Ac-Arg4-NH2) were obtained 

commercially (Biosynthesis, Lewisville, TX) as trifluoroacetate salts. Structural formulas 

are shown in Figure 2. Sheared salmon sperm DNA (< 2 kb) was from Invitrogen (Waltham, 

MA). The fluorescent dyes thiazole orange and BOBO-3 were obtained from Sigma-Aldrich 

(St. Louis, MO) and Thermo-Fisher (Waltham, MA) respectively.

2.2. Solutions

Solutions contained sodium phosphate (10−2 mol L−1, pH 7.0), sodium perchlorate (0, or 

1×10−2 to 1 mol L−1), DNA (10 μ g mL−1, equivalent to 3×10−5 mol L−1 nucleotide residues 

or 1.5×10−5 mol L−1 base pairs), the ligands Ac-BPA-Arg6-NH2 (0, or 1×10−7 to 2×10−4 

mol L−1) and Ac-Arg4-NH2 (0, or 1×10−6 to 5×10−5 mol L−1), and thiazole orange (0 or 

5×10−7 mol L−1) and BOBO-3 (0 or 2×10−7 mol L−1).

2.3. Pelleting

In some cases, the UV-visible light absorption, static light scattering (SLS) intensity, and 

fluorescence intensity of the supernatant were examined after centrifugation at 1.5×104 × g 
for 10 min.

2.4. Static light scattering

The intensity of SLS (Wyatt, 1993) was quantified (500 μ L sample volume, excitation path 

length 10 mm, emission path length 2 mm) at 90° with a PTI fluorescence spectrometer 

(Horiba, Piscataway, NJ). Both excitation and emission wavelengths were 400 nm. The 

biochemical reagents (ligands and DNA) show no significant absorption at this wavelength.
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2.5. Dynamic light scattering

DLS measurements were made using a model Z3000 (Nicomp, Port Richey, FL) size 

analyzer. The cylindrical sample (500 μ L) was laser-illuminated (658 nm) and the scattered 

light collected at 90°. Brownian motion produces a time-dependent variation in the scattered 

coherent light intensity (Bloomfield, 2000). This was fitted with a proprietary auto-

correlation function where the diffusion coefficient distribution was calculated using an 

inverse Laplace transform. The hydrodynamic diameter is calculated from the diffusion 

coefficient, which assumes water values for the refractive index and viscosity.

2.6. Absorbance spectroscopy

Absorption in the UV-visible region of DNA, thiazole orange, and BOBO-3 was quantified 

(500 μ L, 10 mm path length) with a Cary model 300 spectrometer (Varian, Palo Alto, CA).

2.7. Atomic force microscopy (AFM)

Samples were prepared by depositing an aliquot (1 μL) of the solution onto a freshly cleaved 

mica surface (1 cm diameter), rinsing with water (100 μ L), and drying in air. Topographic 

(intensity corresponds to height) data were collected over a 5×5 μm area with a Multi-mode 

8 instrument (Bruker, Santa Barbara, CA) using the peak force tapping mode and a 

Scanasyst- Fluid nitride probe (20 nm tip radius, 0.7 N m−1 force constant, 150 kHz resonant 

frequency, Bruker, Santa Barbara, CA). The vertical piezo elements were modulated at ca. 2 

kHz for each pixel of the image. The peak interaction force was used as the feedback signal 

to estimate the topography. The scan speed was 2 seconds for each row of 1024 pixels. 

Minor image processing was used to attenuate horizontal scanning artifacts and background 

curvature, and to adjust contrast. The images provide a poor estimate of dimensions in the 

horizontal plane, which are less than the nominal tip radius of 20 nm. However, 

measurements of vertical distances of the diameter of double stranded DNA (ca. 2 nm) are 

reliable.

2.8. Fluorescence spectroscopy

Fluorescence emission intensities at a nominal 90° angle were measured (500 μ L, 10 mm 

excitation path length, emission path length 2 mm) with a PTI instrument (Horiba, 

Piscataway, NJ). The excitation and emission wavelengths were 480 nm and 526 nm 

(thiazole orange), or 570 nm and 605 nm (BOBO-3).

2.9. Modeling of energy deposition by neutrons

We used the TOPAS Monte Carlo tool (Perl et al., 2012) version 3.2 layered on top of the 

Geant4 toolkit (Agostinelli et al., 2003) version 10.5.p01. The simulation volume consisted 

of a square prism of 1 cm × 1 cm × 1 μm, which was sufficient to allow one or two neutron 

interactions. The prism was embedded in a vacuum and irradiated with a 0.025 eV (thermal) 

neutron point source having zero divergence (the initial momentum of the neutrons was 

perpendicular to the target prism). The physics list used for the TOPAS simulation consisted 

of the so-called “high precision models of Geant4” for the interaction of thermal neutrons. 

These models use the cross-section data from ENDF/B-VI (ENDF, 1991), previously 

benchmarked with Geant4 elsewhere (Tran et al., 2018; van der Ende et al., 2016). For each 
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secondary particle produced by neutron interactions, the relative contribution to the total 

energy deposit in the square prism was obtained by averaging ten simulation runs, 108 

primary neutrons per run, using different random seeds.

The elemental composition of the material of the square prism was derived in the following 

manner. The experimental DNA target has 8 base pairs (charge Z = −8 + −8 = −16) bound 

by 2× Ac-BPA-Arg6-NH2 and 1× Ac-Arg4-NH2 ligands (Z = 6 + 6 + 4 = +16) (see 

Discussion). From the strand break yield in plasmid DNA condensed with a hexa-arginine 

ligand (Perry et al., 2011), the hydroxyl radical diffusion distance is ca. 5 nm. This defines a 

cylinder with a radius of 5 nm and a height of 8 base pairs (8 × 0.34 nm), having a volume of 

210 nm3. This volume contains 10−21 / 18 mol nm−3 water, equivalent to 6×1023 × 10−21/18 

= 33 molecules nm−3, for a total of 33 × 210 = 7×103 water molecules, or 2 × 7×103 = 

1.4×104 1H atoms (ignoring the minor DNA and peptide contributions). The boron 

concentration in this target volume is two boron atoms per 7×103 water molecules, which is 

equivalent to 2×11 / 7×103 × 18 = 170 ppm (35 ppm of the isotope boron-10) by mass. 

Therefore, the simulation used 35 ppm boron-10. The 8 base pairs are assumed to consist of 

4 GC (8× 14N atoms) and 4 AT (7× 14N atoms) pairs, which contain a total of 32 + 28 = 60 
14N atoms. The peptides add another 69 14N atoms for a total of 129. Therefore, the material 

of the square prism had the following mass weight fractions: 0.8755 of oxygen, 0.1103 of 

hydrogen, and 0.0142 of nitrogen with aggregated 35 ppm of boron-10. The density of the 

material was assumed equal to that of water (1 g cm−3).

3. Results

3.1. Ligand structure

Two different cationic ligands were used to minimize the fraction of boron that was not 

bound to the DNA. The boron-containing ligand Ac-BPA-Arg6-NH2 (charge Z = +6) was 

more highly positively charged than the boron-free ligand Ac-Arg4-NH2 (charge Z = +4). 

The chemical structures of these ligands are shown in Figure 2. More highly positively 

charged oligo-arginine ligands have significantly larger DNA binding constants than those 

with fewer positive charges (Mascotti and Lohman, 1997). To model the highly scavenged 

environment of a mammalian cell nucleus, we used condensed DNA. Condensation of the 

polyanionic DNA by positively charged ligands involves its extensive neutralization (Yoo 

and Aksimentiev, 2016). The experimental conditions required to achieve this necessarily 

involve an excess of the ligand. The resulting presence of a small fraction of unbound boron 

would complicate track structure modeling of DNA damage after neutron irradiation. To 

mitigate this undesirable effect, we made use of the combination of a limiting concentration 

of a boron-containing ligand having a larger binding constant and an excess of a boron-free 

ligand with a smaller binding constant. We have described a related approach in the case of a 

fluorescent hydroxyl radical probe (Perry et al., 2011).

3.2. Ligand acidity

Because of the issue of ligand charge (see Introduction), we wished to characterize the 

acidity of the boron-containing ligand (Ac-BPA-Arg6-NH2), although it was not expected to 

deprotonate at pH values in the physiological range (Hall, 2011; Achilli et al., 2013). By 
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examining the decrease in absorption at Δ = 243 nm with increasing pH (Soundararajan et 

al., 1989; Marinaro et al., 2012), the acid dissociation constant of the boronic acid in Ac-

BPA-Arg6-NH2 was quantified as pKa = 10.1 (Figure 3). This is consistent with the value of 

pKa = 9.79 reported for borono-L- phenylalanine (BPA) itself (Watanabe et al., 2016).

3.3. Sedimentation, light scattering, and AFM

The effect of the ligand Ac-BPA-Arg6-NH2 on DNA (10 μ g mL−1) was examined using 

sedimentation, light scattering (both SLS and DLS), and atomic force microscopic (AFM) 

imaging (Figures 4, 5A, and 5B). There is a large increase in the sedimentation rate (Figure 

4, upper panel) of the DNA at ligand concentrations above a sharply defined value of ca. 
5×10−6 mol L−1, since after centrifugation the DNA is not detectable in the UV absorption 

spectrum of the supernatant solution. For ligand concentrations above 5×10−5 mol L−1, 

increasing amounts of the ligand remain in the supernatant. There is a sharp ca. 10-fold 

increase in the SLS intensity at the same threshold ligand concentration of ca. 5×10−6 mol L
−1, but ligand concentrations greater than this value do not produce any further increase in 

scattering (Figure 4, middle panel). An abrupt increase in the DLS measurement of 

hydrodynamic radius from several hundred nanometers to several microns was also 

observed, again at the same threshold ligand concentration of 5×10−6 mol L−1 (Figure 4, 

lower panel). The AFM image of DNA in the presence of 1×10−6 mol L−1 Ac-BPA-Arg6-

NH2 (Figure 5A) reveals filamentous objects with lengths in the micron range and heights of 

a few nanometers. These dimensions are typical of individual DNA strands (van Holde and 

Zlatanova, 2007). In the presence of 1×10−5 mol L−1 Ac- BPA-Arg6-NH2 (Figure 5B), 

significantly more compact structures are visible, which are consistent with the increase in 

light scattering. Note however that these images are of dried samples and unrepresentative of 

particle sizes in aqueous solution.

3.4. Attenuation of thiazole orange and BOBO-3 fluorescence

The effect of the hexa-arginine ligand on DNA determined by using the intercalating 

fluorescent dyes thiazole orange and BOBO-3 (Figure 6). The dye (5×10−7 mol L−1 thiazole 

orange or 2×10−7 mol L−1 BOBO-3) was pre-bound to the DNA before addition of the 

ligand. At the DNA base pair concentration of 1.5×10−5 mol L−1 (see Experimental) the dye 

to base pair ratio was 1/30 for thiazole orange and 1/75 for BOBO-3. We quantified the 

fluorescence intensity of the dye before centrifugation, and its concentration was determined 

after centrifugation from its visible absorption spectrum. For both dyes, the fluorescence 

intensity decreases slightly (by less than 2- fold) at ligand concentrations less than 5×10−6 

mol L−1, but extensively (to a residual ca. 10–20%) at ligand concentrations greater than 

5×10−6 mol L−1. At ligand concentrations greater than 5×10−6 mol L−1, ca. 50% of the 

thiazole orange but only ca. 10% of the BOBO-3 is present in the supernatant after 

centrifugation. The rest of the dyes remains bound to the DNA and is pelleted. The 

fluorescence of the unbound dyes is negligible (Nygren et al., 1998; Ruedas-Rama et al., 

2010). So the effect of ligand concentrations above 5×10−6 mol L−1 is to attenuate by ca. 5-

fold the emission intensity from the dyes which remain bound to the DNA. Similar 

fluorescence quenching was reported for DNA binding dyes Hoechst 33258 (Saito et al., 

2004) and YOYO-1 (Johnson et al., 2011).
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3.5. Ionic strength

We examined the influence of sodium ions on the interaction of DNA with 2×10−5 mol L−1 

Ac- BPA-Arg6-NH2 (Figure 7), a ligand concentration 4-fold greater than the threshold 

value of 5×10−6 mol L−1 observed in Figure 4. In the absence of any added sodium 

perchlorate (the only contribution to the sodium ion concentration was from the buffer 

components), the SLS intensity was large, and DNA was undetectable in the supernatant 

after pelleting. Very similar effects were observed up to a sodium ion concentration of ca. 
7×10−2 mol L−1. At sodium ion concentrations greater than ca. 0.2 mol L−1, no SLS signal 

was observed and the vast majority of the DNA remained in solution after centrifugation.

3.6. Combination of both ligands

At concentrations of the hexa-arginine ligand Ac-BPA-Arg6-NH2 slightly less than the 

threshold value of 5×10−6 mol L−1 (see Figures 4 and 6), a ca. 7-fold increase in SLS 

intensity was detectable in the additional presence of the tetra-arginine ligand Ac-Arg4-NH2 

(Figure 8). The combination of 1×10−6 mol L−1 Ac-BPA-Arg6-NH2 and 1.5×10−5 mol L−1 

Ac-R4-NH2 produced an increased SLS intensity similar to that with 2×10−6 mol L−1 Ac-

BPA-Arg6-NH2 and 2×10−6 mol L− 1 Ac-R4-NH2.

3.7. Energy deposition by neutrons

The main interactions of thermal neutrons that compete with capture by boron-10 (cross 

section of 3840 barn × 19.8% isotopic abundance = 760 barn) are the 1H(n,γ)2H, 
14N(n,p)14C, and 14N(n,γ)15N reactions (Young and Foster, 1972; Goorley et al., 2002; 

Hayashi et al., 2015), with cross sections of 0.33, 1.9, and 0.075 barn respectively (Young 

and Foster, 1972; Sears, 1992). This is based on the elemental composition of the target (see 

Materials and Methods).

The TOPAS results (Table 1) of the contributions of the side reactions show that energy 

deposition is mainly from the 10B(n,α)7Li reaction (87.3% ± 2.8%). Protons and recoil 14C 

ions from the 14N(n,p)14C reaction each contribute 6.1% ± 1.1% and 3.5% ± 0.5%, 

respectively. Recoil deuterons from the 1H(n,γ)2H reaction contribute 2.5% ± 0.2%. Energy 

depositions by products of other reactions are negligible.

4. Discussion

The pKa of the boronic acid group in Ac-BPA-Arg6-NH2 was found by spectrophotometric 

titration to be 10.1 (Figure 3). Therefore its anionic form (a tetrahedral hydroxide adduct 

(Cammidge et al., 2006; Hall, 2011)) makes a negligible (0.1%) contribution under the 

conditions (pH 7.0) we used to examine DNA binding. Thus we assume that this ligand 

carries a charge of Z = +6.

The ligand Ac-BPA-Arg6-NH2 displaces thiazole orange from DNA (Figure 6), suggesting 

that it binds to DNA, in common with other oligo-arginines (Mascotti and Lohman, 1997; 

Perry et al., 2011). It is however unable to displace BOBO-3. The DNA binding constants 

for these dyes are (in the presence of 0.1 mol L−1 sodium chloride) 3×105 L mol−1 and 

8×105 L mol−1 respectively (Nygren et al., 1998; Ruedas-Rama et al., 2010). Under similar 
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ionic conditions (0.1 mol L−1 potassium acetate) a value of 7×104 L mol−1 has been reported 

for the binding of a hexa-cationic oligo-arginine peptide to polyU (Mascotti and Lohman, 

1997). It is difficult to estimate the values applicable at the lower ionic strength we used, 

because the binding constants of more highly charged compounds exhibit a much larger 

ionic strength dependence.

The increase in SLS intensity is a typical consequence of mixing polyanions (including 

DNA) with different types of cations such as linear polyamines and basic proteins (Keller et 

al., 2002; Saccardo et al., 2009) to create a highly compact conformation. In the case of 

DNA, this process is described as condensation (Bloomfield, 1996; DeRouchey et al., 2013; 

Li et al., 2017; Kang et al., 2018). The observation of a sharp increase to a constant value 

indicates an essentially complete condensation of the DNA by the hexa-arginine ligand. This 

is supported by the quenching of the fluorescence of the DNA binding dyes (Saito et al., 

2004; Johnson et al., 2011), and by AFM imaging. The pelleting and DLS assays both reveal 

a large increase in particle size caused by aggregation of the DNA. This effect is 

distinguishable from DNA condensation, since some condensing agents (e.g. poly-L-lysine) 

do not produce aggregation (Nayvelt et al., 2007).

At ligand concentrations greater than a sharply defined threshold value of ca. 5×10−6 mol L
−1, the DNA forms micron sized aggregates, which can be pelleted by centrifugation. The 

remaining solution is depleted in both the DNA and ligand. This behavior is characteristic of 

the associative phase separation of oppositely charged polyelectrolytes (Spruijt et al., 2010; 

Jha et al., 2014). Assuming a mean molecular weight of 325 g mol−1 per nucleotide residue, 

a DNA concentration of 10 μg mL−1 is equivalent to 10×10−6 × 1000 / 325 = 3×10−5 mol L
−1 nucleotide residues. The threshold ligand concentration of 5×10−6 mol L−1 corresponds to 

6 × 5×10−6 = 3×10−5 mol L−1 arginine residues. DNA condensation by cations typically 

involves the neutralization of ca. 90% of its negative charges (Bloomfield 1996), so this 

close agreement indicates a near quantitative binding between the peptide ligand and DNA. 

It is also consistent with the levels of the ligand remaining in solution after pelleting the 

aggregated DNA from solutions containing ligand concentrations in excess of the 5×10−6 

mol L−1 threshold value.

The combination of a limiting concentration of the strongly-binding boron-containing ligand 

Ac- BPA-Arg6-NH2 and a small excess of the weaker binding Ac-Arg4-NH2 is able to 

condense and aggregate the DNA (Figure 8). Under very similar conditions we have 

reported that only ca. 1% of the hexa-arginine ligand remains unbound (Perry et al., 2011), 

by using a fluorescent coumarin probe instead of BPA. Therefore, we are able to produce a 

boron-containing condensed DNA target with the 35 ppm boron concentration that is 

achievable in BNCT (Barth et al., 2018a). The condensate can be disassociated after 

irradiation by increasing the ionic strength. This frees the DNA for subsequent assays of the 

radiation damage it has sustained.

The TOPAS simulation of energy deposition in our DNA-peptide model indicates that under 

the experimental conditions needed to form the condensate, >85% of energy depositions in 

the DNA target volume are derived from boron-10 neutron capture (Table 1). The second-

largest contributor (ca. 10%) is from neutron capture on 14N, although it is less important 
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(<1.4% at 10 ppm boron-10) in vivo (Ono et al., 2019). In our system, this contribution 

could be reduced by replacing arginine with lysine, but the nucleophilic character of the 

latter would be expected to result in unwanted chemical reactions after irradiation (Xu et al., 

2008; Konigsfeld et al., 2012).

5. Conclusion

The intention here was to design and characterize an experimental biochemical model 

system with which to assay DNA damage by the (n,μ) reaction of boron-10. The 

experimental model we have described is suitable to simulate BNCT conditions for four 

reasons. First, cellular chromatin is far better modeled by condensed DNA than a naked 

plasmid (Daban, 2003). Second, the boron concentration matches that of BNCT. Third, the 

quantitative binding of the boron-containing ligand to produce condensed DNA ensures that 

the vast majority of DNA damage results from neutron capture on boron. Fourth, the 

electrostatic binding of the boron- containing ligand is easily reversed by increasing the 

ionic strength. This releases the DNA for subsequent assays of its damage.

The experimental approach described here is able to model BNCT and can provide data 

essential for the calibration of biophysical track structure codes such as PARTRAC 

(Friedland et al., 2019) and Geant4-DNA (Incerti et al., 2019) (TOPAS-nBio is a wrapper for 

the latter). The combination of experimental data and Monte Carlo simulation has the 

capacity to address the complex dosimetry inherent in BNCT.
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Highlights

Boron-containing cationic peptide that binds strongly to DNA.

Peptide condensed DNA models cellular chromatin.

Boron concentration in condensed DNA within the therapeutic range.

Vast majority of energy deposition is from neutron capture on boron.
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Figure 1. 
Energy distribution of products from the 10B(n,α)7Li reaction.
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Figure 2. 
Chemical structures of the oligo-arginine ligands Ac-Arg4-NH2 (left) and Ac-BPA- Arg6-

NH2 (right). See Experimental section.
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Figure 3. 
Acidity dependence of the protonation state of the boronic acid group in Ac-BPA- Arg6-

NH2. The data are fitted with the Henderson-Hasselbalch equation for a pKa value of 10.1.
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Figure 4. 
Effect of the concentration of the ligand Ac-BPA-Arg6-NH2. Upper panel: fraction of DNA 

(triangle) and of the ligand (rhombus) remaining in solution after centrifugation. Middle 

panel: SLS intensity (arbitrary units) before (open circle) and after (closed circle) 

centrifugation. Lower panel: hydrodynamic radius from DLS (square).
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Figure 5A. 
Atomic force microscopy (AFM) image of DNA in the presence of 1×10−6 mol L−1 Ac-

BPA-Arg6-NH2. The horizontal dimensions are 3×3 μ m. The vertical scale is 5 nm.
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Figure 5B. 
Atomic force microscopy (AFM) images of DNA in the presence of 1×10−5 mol L−1 Ac-

BPA-Arg6-NH2. The horizontal dimensions are 3×3 μ m. The vertical scale is 5 nm.
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Figure 6. 
Effect of the concentration of the ligand Ac-BPA-Arg6-NH2. Upper panel: intensity 

(arbitrary units) of thiazole orange (open circle) or BOBO-3 (open square) fluorescence 

before centrifugation. Lower panel: fraction of thiazole orange (closed circle) or BOBO-3 

(closed square) remaining in solution after centrifugation.
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Figure 7. 
Effect of sodium perchlorate at 2×10−5 mol L−1 Ac-BPA-Arg6-NH2. Upper panel: Fraction 

of DNA (triangle) remaining in solution after centrifugation. Lower panel: SLS intensity 

(arbitrary units) before (open circle) and after (closed circle) centrifugation.
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Figure 8. 
Effect of Ac-Arg4-NH2 on the SLS intensity in the presence of 1×10−6 mol L−1 (square) or 

2×10−6 mol L−1 (circle) Ac-BPA-Arg6-NH2.
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Table 1.

Relative contributions to the total energy deposited by secondary particles produced by simulated neutron 

irradiation of a boron-containing target (see Experimental). Errors shown are one standard deviation of the 

mean.

Particle Source Contribution

7Li 10B(n,α)7Li 46.8% ± 1.9%

4He 10B(n,α)7Li 40.4% ± 2.1%

1H 14N(n,p)14C   6.6% ± 1.1%

14C 14N(n,p)14C   3.5% ± 0.5%

2H 1H(n,γ)2H   2.5% ± 0.2%

15N 14N(n,γ)15N < 0.1%

Gamma 1H(n,γ)2H < 0.1%
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