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This work describes multiple experimental improvements for measuring absolute cross sections of DNA 

damage induced by low-energy electrons (LEE) in nanometer-thick films in vacuum. Measurements of 

such cross sections are particularly sensitive to film thickness and uniformity. Using atomic force 

microscopy (AFM) in 70% ethanol, we present a novel and effective method to determine plasmid DNA 

film thickness and uniformity that combines height histograms and force-distance curves. We also 

investigate film deposition with DNA intercalated with 1,3-diaminopropane (Dap) on tantalum-coated 

substrates as a convenient and cost-effective alternative to the previously-used graphite substrate. The 

tantalum substrate permits deposition of films very similar to those formed on graphite. Using these 

refinements and further optimizations of the experimental procedure, we measure an absolute cross 

section of (4.7 ± 1.5) x10-14 cm2 for conformational damage to a 3197 base-pair plasmid induced by 10 

eV electrons, which we believe should be considered as a reference value. 

 

I. INTRODUCTION:  

Ionizing radiation is widely employed in cancer therapy (e.g., in radiotherapy [1, 2], brachytherapy [3] 

and targeted radionuclide therapy (TRT) [4,5]), as well as in medical diagnostic imaging. In these 

applications, the radiation dose given to the patient should be known and controlled. In conventional 

cancer treatments, calculations of the absorbed dose rely on scattering cross sections (CSs) of the 

primary high–energy radiation. In more sophisticated treatments, such as therapies combining radiation 
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and chemotherapy [6], a description of the details of energy deposits at the micro- and nanoscale level is 

desirable to relate dose to radiobiological effectiveness. Such details may also be required to evaluate 

doses at the biomolecular level, when radionuclides emitting short-range particles are targeted to critical 

molecular components of cancer cells (e.g., in TRT). These radioactive compounds are chosen to emit 

large densities of low-energy electrons (LEEs) to localize the radiation within the cancer cells, and thus 

limit irradiation of healthy tissues. More generally, LEE (0-30 eV) are emitted in large numbers (i.e., 

about 30,000 per MeV of energy deposited) by any type of high-energy radiation [7]. Thus, to optimize 

the effectiveness of several types of radiotherapeutic treatments, the energy deposited by LEEs must be 

known at different levels of localization, either macroscopic, or at the level of the cell, nucleus, 

chromosome or DNA. The local doses can be evaluated by Monte Carlo (MC) simulations, which 

account event-by-event, for the slowing down of all generations of particles [8]. Significantly, these 

codes require as input parameters absolute LEE CSs for several types of scattering events and direct 

damage to vital cellular molecules, particularly DNA, the main target of radiation therapy.  

 

One way to study the interaction of LEEs with DNA consists in irradiating films of plasmid DNA 

under ultra-high vacuum (UHV) conditions and then quantifying, with gel electrophoresis, the yields of 

induced conformal changes. These correspond to specific lesions, such as single strand breaks (SSB) and 

double strand breaks (DSB) [9,10]. However, generating accurate LEE-DNA damage CSs from such 

yields depends critically on the reproducible deposition of plasmid films of known and uniform 

thickness. The films must have a thickness comparable to the effective attenuation length (EAL), which 

lies between 1 nm and 10 nm for 1-100 eV electrons [11]. Prior to 2013, lyophilisation (freeze drying) 

was used to deposit known quantities of plasmids onto a tantalum substrate. Unfortunately, this method 

produces samples of highly non-uniform thicknesses, such that charge accumulation and plasmid 

screening during electron bombardment causes damage yields to saturate at levels around 5% of the 
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deposited plasmids [12]. Using a cylindrical geometrical model for the plasmid films formed by 

lyophilisation, the average thickness can be determined from the plasmid film radius, the mass of DNA 

in the deposition solution and the density of DNA, which previously was reported as 1.7 g/cm3. This 

reference value has been obtained by gravitometry [13,14] or density gradient centrifugation [15,16], 

which are not representative of condensed plasmid films. It has been more recently measured for films 

as being 1.41 g/cm3 by UV interferometry [17]. However, this latter result was obtained with thicknesses 

in the micrometer range (1-3μm), ~100 times thicker than the films typically used in LEE irradiation 

experiments. It is an open question whether this density value applies also to very thin films (~10-30 

nm). Moreover, lyophilized DNA films can show a lack of uniformity, even at the macroscopic level 

[18]. 

 

In recent years, there has been a search to find a biologically relevant DNA ligand to help produce 

well-ordered water-soluble plasmid films of known and uniform thicknesses. Potential ligands have 

ranged from simple molecules like NaOH [18] and 1,3-diaminoproprane (Dap) [19] to polyamines and 

basic amino acids (e.g. arginine, lysine and histidine) [20,21]. These molecular self-assembly (MSA) 

deposition methods produce films that are demonstrably more uniform that those produced by 

lyophilisation. More importantly, instead of requiring the use of a controversial DNA density value, the 

MSA method supposes a known height average that can be experimentally determined by atomic force 

microscopy (AFM). Here, to decrease experimental uncertainties in measurement of CSs for LEE 

induced damage to DNA, we propose an efficient and statistically more robust method for thickness 

measurement of plasmid films with AFM, that uses height histograms and force spectroscopy, thus 

providing more accurate film characterization. This article also describes other experimental refinements 

of relevance to absolute LEE-CSs determination, which are related to reduction of experimental 

uncertainties (e.g., electron beam characterization, laser-guided positioning) and cost (i.e., replacing 
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highly-ordered pyrolytic graphite (HOPG) substrates with tantalum coated silicon wafers). We also 

present a rigorous uncertainty calculation for the determination of CSs for DNA damage induced by 

low-energy electrons.            

 

II. MATERIAL AND METHODS 

2.1. DNA preparation and film deposition.  

We extracted plasmid DNA (pGEM 3Zf(-) with 3197 base pairs) from E.Coli bacteria using QIAGEN 

High Speed Plasmid Maxi kit. After gel filtration purification with Sephadex G-50 fine, the DNA 

concentration was measured by UV absorbance at 260 nm (Synergy HT, BioTek). DNA solutions were 

prepared and deposited by following the protocol developed by Boulanouar & al. [22]. As recommended 

by Khalil & al. [20] for optimal auto-assembly of plasmid DNA layers, we used doubly protonated 1,3-

diaminopropane (Dap2+) (Sigma Aldrich) as ligand molecules in a mixing ratio  = 16 (i.e. the number 

of ligand molecules per number of DNA phosphate groups in solution). TE buffer (Tris-EDTA 

10mM/1mM) was added to the solution to considerably reduce DNA damage resulting from 

manipulations. Plasmid solution was deposited either onto freshly cleaved highly-ordered pyrolytic 

graphite (HOPG) or onto a tantalum-coated silicon wafer. 

 

2.2. AFM measurements.  

AFM scans were performed with a JPK NanoWizard-4 Bioscience microscope. Thermal noise 

amplitude analysis was conducted to calibrate the spring constants of the AFM tips [23].  For all 

measurements, DNA films were deposited as described earlier and air-dried for 5 minutes. Samples were 

then submerged in HPLC-grade EtOH 70% (v/v) to eliminate all capillary forces at the sample interface 

[24] and imaged in contact mode using MLCT_C cantilever (Bruker) with a nominal spring constant of 

0.014N/m. In profilometry experiments a selected region of the surface was scratched by switching to 
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the MLCT_E cantilever (nominal spring constant of 0.1N/m) allowing application of high magnitude 

force. Force-distance curves were also recorded with the MLCT_C cantilever (Bruker). All AFM images 

and force curves were initially analyzed with JPK Data Processing software and further analyses were 

carried out with MATLAB (The MathWorks, Natick, MA, USA).  

 

2.3. Irradiation and analysis.  

The irradiation of plasmid films was achieved in an ultra-high vacuum (UHV) chamber, described 

elsewhere [25], that was evacuated for 16 hours by a turbomolecular pump to reach a minimum pressure 

of 10-8 Torr. In the chamber, DNA samples were mounted on a carousel and rotated to be sequentially 

irradiated by the low energy electron beam. A laser-guided positioning system was recently added to 

ensure an optimal and reproducible alignment of the samples with the electron beam. Unlike in some 

previous experiments, where only a fraction of the sample was irradiated [19], we optimized the electron 

beam for a Gaussian intensity profile that covers entirely the film. Since it is impractical to determine 

the electron current density with a Faraday cup before each experiment, we calibrated a reference 

detector placed permanently inside the vacuum chamber. For a Gaussian beam having a root mean 

squared width , the average electron current density over the reference detector with a radius  is 

given by 

 

where  is the number of electrons per second passing through the Faraday cup pinhole of radius . 

However, the transmitted current through the stainless-steel detector underestimates the electron current 

density because a fraction of the impinging electron beam is reflected (elastically backscattered) from 

the detector. A conversion factor is thus needed to link the reference detector current back to  
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measured with the Faraday cup. We obtained a conversion factor of 0.38, meaning that almost 2/3 of the 

incident current is reflected from the reference detector (valid for 10 eV electrons). Moreover, the 

mathematical model requires not the average , but the  at the center of the distribution. Knowing , 

it can be shown that 

 

 

 In this study,  = 2.6x1011 e-/(cm2∙sec) and  = 0.31 cm. Following LEE irradiation, DNA films were 

recovered by washing with 40 μl of TE 1X, and subsequent volume reduction using the Speed Vac 

Concentrator (Savant). For electrophoresis measurements, gel and plasmid samples were pre-stained 

with fluorescent agent SYBR Green I (Thermo Fisher Scientific, Waltham, MA USA) at 10000X and 

100X concentrations, respectively. A correction factor of 1.5 was used to consider the binding affinities 

of the SYBR Green I with the different plasmid conformations [26]. DNA Loading buffer 6X (Lonza, 

Rockland, ME USA) was added to the plasmid samples before migration in a 1% agarose gel with TAE 

buffer for 7 minutes at 6.67 V cm-1 and 90 minutes at 5.0 V cm-1. After migration, gels were scanned by 

a Storm 860 scanner (GE Healthcare) in blue fluorescence mode and quantified with ImageQuant 5 (GE 

Healthcare).  

 

2.4. Mathematical model.  

Since CSs are an abstract physical concept, a mathematical model is needed for their determination. We 

generalized in three dimensions the previously developed survival model of plasmid film irradiation [12] 

to account for the Gaussian beam profile. Because of the nature of the measurements, the DNA damage 

CS referred to in this section corresponds to the absolute value for the loss of undamaged (supercoiled) 

plasmid DNA. The cylindrical coordinates best represent the geometry of our film and we assume an 
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angular isotropy (i.e, invariant in ). The electron current density  at time t and depth  in the film is 

expressed as 

 

Here, the first exponential factor represents the Gaussian electron beam of width . The second 

exponential factor describes the attenuation of the beam within the film as characterized by the effective 

attenuation length . The final exponential factor accounts phenomenologically for the effects of 

charging caused by electron trapping within the film that repel other incident electrons. This effect 

dominates at long times t and leads to a saturation in damage above which it is impossible to break 

further plasmids. The proportion of undamaged plasmids in an infinitesimally thin slice between  and 

 is given by the function , which is found by solving the following differential equation  

 

where  is the absolute CS for DNA damage. This differential equation implies that the proportion of 

undamaged plasmids in an infinitesimal slab varies in time according to the probability of creating a 

damage (given by the CS ), the electron current density and the remaining proportion of undamaged 

plasmids. Let  be the initial distribution of undamaged plasmids in the film. The 

general solution of this differential equation is  

 

If the initial damage is uniformly distributed in the film, the initial condition at  is simply 

, where  is the percentage of undamaged plasmids for unirradiated films put in the 

irradiation chamber. Then, 

 

The percentage of undamaged plasmids throughout the film after an irradiation time  is given by 
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Since this integral has no known primitive, we expanded it into a Taylor series and integrated term by 

term to obtain  

 

Where  

 

 

We could try to fit the analytical expression of  using three parameters onto experimental data but 

fitting the charging factor puts us at risk of overfitting an ill-defined parameter in our experimental 

conditions, which would affect the determination of the other parameters of interest (i.e.  and ). 

Furthermore, it has been shown that at small film thicknesses, charging has little effect on CS 

determination [12]. Hence, we neglect the charging effect by letting  tend to infinity in the equation 

above. Knowing that 

 

we obtain the following equation for the percentage of undamaged plasmids after an irradiation time  

 

 

The Gaussian factor provides an appreciable correction of about 10% (  = 0.90) to the CS value, but 

the general accuracy of our experiment surely benefits from such a rigorously characterized beam, 

where any errors in its determination affects directly the CSs (see Equation 11).  
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III. RESULTS AND DISCUSSION 
 
3.1. Height determination.  

We measured the average thickness of films deposited by MSA using AFM primarily to resolve the 

disagreement observed in the literature [19,20] for DNA concentration of 100 ng/μl (with Dap and Tris-

EDTA) and confirm the measurement at 200 ng/μl. We also characterized plasmid deposition on 

tantalum-coated substrates, for potential use as an alternative to graphite. The previous procedure to 

measure the absolute height of nanoscopic-thickness plasmid films consisted in “scratching” a region; 

that is to mechanically remove plasmids by applying sufficient force with a stiff cantilever (see Figure 

1A) and then measuring the linear intensity profile along the scratch to assess the zero reference (i.e. the 

substrate). This method is often called profilometry [27].  Figure 1B shows a typical linear profile with 

considerable height variations due to the film granularity and a ridge of accumulated plasmids resulting 

from the scratching process. Alternatively, it is also possible to determine absolute heights by using 

height histograms of scratched regions followed by a Gaussian deconvolution, to separate the substrate 

contribution from the film contribution (see Figure 1C). The mean of the substrate contribution can be 

assigned as the zero reference; it then follows that the mean of the remaining height distribution 

represents the average thickness of the film in this region. When a multi-peak deconvolution was needed 

to obtain a better fit of the distribution, the average thickness  was retrieved from a weighted mean. 

This Gaussian deconvolution method can easily be done with MATLAB by using the curve fitting 

toolbox. Compared to profilometry which gives a height estimate only in the vicinity of the scratch, 

height histograms gather data over much larger regions and thus provide more information within a 

single measurement. Moreover, we found that in films having a low surface density, the substrate can be 

identified in the height histogram through holes in the film. Therefore, the scratching process can be 

avoided, making this height determination method a simple, rapid and direct image analysis. Most 

importantly, film uniformity can be appreciated by looking directly at the height histograms. As 
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expected, this method becomes inefficient when the AFM tip radius is comparable to the mesh size; the 

zero reference becomes inaccurate since the tip is unable to fully reach the substrate. In this case, the 

scratching process is required, or, alternatively, one can use force spectroscopy as a mean to probe the 

film thickness through force-distance curves [28]. 

 

Figure 1. A) Example of a typical image obtained following the scratching of a DNA film adsorbed on 
tantalum substrate from a DNA solution of 100 ng/μl. B) Linear height profile measured along the 
dashed white line on image in A. C) Film thickness evaluated by plotting height histograms of 
respective regions in image A), where the substrate contribution was either included (blue) or excluded 
(red) from the histogram. Also shown in C is the deconvolution fit of the red-data histogram. 
 

Force spectroscopy relies on the measurement of the vertical deflection of the cantilever as the 

tip deforms the DNA interface in a controlled manner. From a force-distance curve, one can extract the 

contact points of the tip with both the sample and the substrate’s surface (see Figure 2), to provide an 

absolute measurement of thicknesses. Force spectroscopy is relatively insensitive to local substrate 

irregularities, since measurements are taken over an area determined by the diameter of the tip (i.e.,30-
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50 nm). Furthermore, for the experimental determination of LEE CSs at higher energies (i.e., 500 eV – 

10 keV), DNA film thicknesses must be in the range of 50 nm to few microns to account for the longer 

electron penetration distances (or lower total scattering CSs [29]). In this case, force spectroscopy, 

which has virtually no upper limit for thickness measurement, provides a significant advantage. 

 

 
Figure 2. Examples of force-distance curves on an uncovered area (top graph) and a DNA film, where 
the region of interest is zoomed (inset bottom frame). Film thickness is obtained by finding the contact 
point with the sample represented by a non-linear deviation in a force curve. The tip-sample distance 
stops decreasing when the tip reaches the substrate because it is immovable, creating the sharp increase 
in force that indicates the contact point with the substrate. Force-distance curve presented in the bottom 
graph, showing a film thickness of 22 nm, was obtained for [DNA] = 200 ng/μl deposited on graphite.  
 

In numerous studies of radiation-induced biomolecular damage, DNA films have been produced by 

lyophilisation, a technique which is known to produce films of irregular thickness [18], which depending 

on the deposition procedure, can exhibit large uncovered areas. Nevertheless, in such cases, an average 

film thickness is calculated assuming a uniform distribution of plasmids across the sample surface. This 
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dimension can differ significantly from the actual thicknesses since we are only interested in knowing 

the average thickness where there is DNA. Uncovered areas due to film irregularity, which are implicitly 

included in the average thickness calculation, lead to an underestimation of the average thickness. In 

other words, the average thickness of interest for our mathematical model should only consider height 

values where there is DNA. The histogram deconvolution method (see Figure 1) then becomes a 

convenient way to remove the substrate values (i.e. uncovered areas) from the average thickness 

calculation because their contribution is already isolated from the film’s contribution. Moreover, height 

histograms can be used to determine the surface coverage; i.e.,  the percentage of the substrate that is 

actually covered by DNA.  

TABLE I. Height determination of DNA films using profilometry, height histograms and force 
spectroscopy. Errors represent the standard deviation from 5 to 20 measurements for height histograms 
and over 150 force-distance curves for force spectroscopy. No uncertainties (n.d.) were mentioned in the 
original article of Boulanouar & al. [19].  
 

Substrate Method DNA conc.   

Height [nm] 

This study Boulanouar & 
al. [19]* 

Khalil     
& al. [20] [ng/μl] 

Graphite 
Profilometry 

100 -- 11 ± n.d. 3 ± 1 
200 -- 22 ± n.d. 19 ± 1 

Height histo. 100 11.5 ± 6.2 -- -- 
Force spec. 200 21.3 ± 3.5 -- -- 

Tantalum Height histo. 
100 12.4 ± 4.6 -- -- 

200 21.2 ± 7.6 -- -- 
 
 
Thickness measurements obtained from the histogram method and force spectroscopy for DNA films 

deposited on graphite are summarized in Table 1. Our results are in good agreement with those of 

Boulanouar & al. [19], but they differ significantly from those of Khalil & al. [20] for the 100 ng/μl 

concentration. Film uniformity can be appreciated from the features (i.e. width and presence of 

subpopulations) of the height histograms. For a typical film, we found a wide distribution of heights 
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resulting in uncertainties of about 30% for each thickness measurement, to which must be added the 

intra-film and inter-film variability. Thus, data presented here are representative of the considerable and 

unavoidable height distribution width within a single film that ultimately affects LEE-damage CS 

determination.  

 
For LEE irradiation of DNA films, a conducting substrate is required to avoid electron 

accumulation/charging at the film. Graphite blocks from which are cleaved individual layers are 

expensive and a significant fraction is wasted due to cleavage imperfections. Moreover, while it was 

previously accepted that highly order pyrolytic graphite (HOPG) was a planar substrate due to the sheet-

like structure of graphite [22], we have observed by AFM (see Figure 3A), that HOPG has important 

internal height variations, plane changes and cavities at the microscopic level.  Compared to HOPG, 

tantalum coated substrates are clearly more uniform (see Figure 3B). Table 1 shows the results of 

thickness determination for plasmid films deposited on tantalum. We found that tantalum coated 

substrates produce DNA films with thicknesses similar to those on graphite. Overall, evaporated 

tantalum-coated wafers show excellent potential as an alternative substrate to graphite for plasmid 

deposition using ligand molecules. 

 

 
Figure 3. AFM images of A) a graphite surface and B) a Tantalum-coated silicon wafer substrate. 
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In order to evaluate the MSA deposition on a macroscopic scale (i.e., over the whole film), we 

measured the film thickness along the transversal axis of DNA film deposited on tantalum for 250 μm 

incremental steps (see Figure 4). We found that MSA on a tantalum-coated substrate produces 

macroscopically uniform films, meaning that the substrate is covered over all the region of the initial 

drop with a certain variability in thicknesses, which is reflected in the uncertainties of height 

measurements presented in Table 1. We observed a boundary effect, where the outer edges of the film 

seemed to be thicker, reminiscent of the coffee-ring effect present in most evaporation processes [30]. In 

fact, during the deposition method, a filter paper is used to suck up the solution from the substrate, 

leaving only a very thin layer of solution that evaporates within few minutes. The presence of the coffee-

ring effect could indicate that the film does not necessarily form from self-assembly but rather from the 

evaporation of the remaining highly concentrated solution layer. In fact, this process could explain why 

the film thickness varies linearly with concentration. Inter-film variability in height measurements could 

then be attributed to a variability in the volume of the very thin layer. The importance of evaporation as 

a deposition process could also provide a reason for the similar film thickness obtained on graphite and 

tantalum, since evaporation is generally less dependent on the substrate nature than MSA. 

 

 
Figure 4. Thickness of a DNA film (100 ng/μl deposited on tantalum) measured along the diameter of 
the whole film (~ 4 mm). The thickness was measured at incremental steps of 250 μm. The average 
thickness across the film is 10.5 ± 3.3 nm, which represents a typical film. 
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3.2. Absolute cross section measurement 
 
Following irradiation, the recovery of samples and electrophoresis measurements of the loss of SC 

(undamaged DNA), the parameters  and  were determined from the linear region of the fluence-

response curves (see Figure 5A), where the slope  of these curves are related to a film thickness 

from equation 11 by the following 

 

From equation 12, we can build a system of equations containing 2 unknown variables (i.e.,  and ) 

and 3 equations from 3 different thicknesses. While we need only to evaluate the slopes of two 

thicknesses,  we prefer to validate the consistency of results with an extra thickness. The ratio of two 

measured slopes   is obtained from equation 12 such as 

 

where  becomes the only unknown parameter. Therefore, the solution can be obtained by rearranging 

the terms of equation 13 as shown in equation 14 and finding the  value satisfying  (see 

Figure 5B). 

 

All measurable parameters can be conveniently regrouped in the first term of equation 14, which 

represents the y-axis intercept value, thus making the uncertainty calculation for  easier. The 

uncertainty on the intercept value is determined by adding all the relative uncertainties of the parameters 
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contained within it. We should note that uncertainties in  are reflected in those of the initial slopes . 

The extremum values of  are obtained by shifting vertically the intercept value of equation 14 by its 

uncertainty (upper and lower dashed curves of Figure 5B) and then solving . This approach 

gives the most accurate estimate of , because we considered the worst-case scenario, when the 

uncertainty is maximal. The deviations in the CS are readily obtained by putting the boundary  values 

back in equation 12. The graph on figure 5C shows the dependence of the CS on  The intercept of the 

two curves provides the absolute value of the CS for total DNA conformational damage. CS 

determination is most sensitive at small  values, whereas larger  values produce similar  values.  

decreases monotonically; consequently, a smaller  value should always result in a larger  value. 
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Figure 5. Cross section determination for total DNA conformational damage. A) Fluence-response 
curves with a linear fit to estimate the slope variation for each thickness. B) Plot of  from equation 
13. The blue curve is the optimal fit for , whereas the dotted red curves represent the extremum 
boundaries, giving the uncertainty interval for  values. C) The optimal  value found by putting the 
optimal  value in equation 12; i.e., when the curves representing  for each thickness cross each 
other. 
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TABLE II: Absolute cross sections for conformational damage induced by 10 eV electrons with 
corresponding parameters. Optimal (opt), minimum (min) and maximum (max) values are listed. Two 
thicknesses are needed to obtain a single solution for  and  (see equation 13), whereas Boulanouar & 
al [19] used the Levenberg-Marquardt method to solve independently for each thickness. The type of 
plasmid used and respective size in base pair (bp) are listed for each study. 
 

  

Film deposition 
method 

Height 
equivalent  

λopt        λmin  λmax σopt            

[nm] [nm] [nm] [x10-14 cm2] 

This study 
MSA           

pGEM 3Zf(-) 
(3197 bp) 

[ng/μl]           
100 150 9.0 4.5 19.6 4.8 ± 1.6 
100    200 9.6 4.8 18.8 4.7 ± 1.4 
150 200 10.6   3.1  30.1 4.4 ± 4.1 

        4.7 ± 1.5 

Boulanouar  
& al. [19] 

MSA   
pUC21  

(3151 bp) 

[ng/μl]           
100 9.2 ± 6.1 -- -- 4.8 ± 1.2 
150 61.7 ± 45.1 -- -- 2.7 ± 0.5 
200 29.9 ± 12.2 -- -- 3.0 ± 0.4 

        3.0 ± 0.3 

Rezaee      
& al. [12] 

Lyophilisation 
pGEM 3Zf(-) 

(3197 bp) 

[nm]           
10 15 16.0 ± 3.7 -- -- 3.7 ± 2.1 
10 20 9.8 ± 3.7 -- -- 3.9 ± 2.2 
15 20 5.5 ± 3.6 -- -- 3.7 ± 2.0 

        3.8 ± 1.2  

Chen        
& al. [31] 

Lyophilisation 
pGEM 3Zf(-) 

(3197 bp) 

[nm]           
10 15 17.98 -- -- 5.06 
10 20 13.14 -- -- 5.14 
15 20 9.32 -- -- 5.04 

        5.08 ± 0.05 
 

As shown in Table 2, the absolute DNA damage CS for 10 eV electrons obtained here is (4.7 ± 1.5) 

x10-14 cm2, which is in good agreement with the result of Chen & al. [31], but higher compared to those 

measured previously with (3.8 ± 1.2) x10-14 cm2 [19] and (3.0 ± 0.3) x10-14 cm2 [12]. Our CS value was 

calculated from a weighted average to account for the different uncertainties. We reiterate that the 

uncertainty on each optimal  was obtained by the extremum method, thus including all possible 

solutions of , which we believe represents the least arbitrary and most rigorous method for uncertainty 
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calculation. In this regard, it seems that previous studies have underestimated the uncertainty on their 

average CS value. The meticulous optimization at all experimental stages, which includes the addition of 

a laser-guided positioning system and a target standardization, is clearly reflected by the consistency and 

reproducibility of our optimal  values. Here, we did not calculate an average effective attenuation 

length, because the extremum  intervals are sufficient to describe the general uncertainty of our 

experiments. We are confident that our CS value with its conservative 30% uncertainty constitutes a 

significant improvement and can be used as a reference to calibrate other CSs, which only include the 

standard deviations of the measurements, with no determination of the absolute error.  

 
Sometimes, uncertainties in the fluence-response slopes are such that the upper boundary never 

reaches zero or the lower boundary starts on the y-axis below zero, thus compromising the determination 

of the boundary  values. For example, this situation is present in the results of Chen & al. [31], where 

the slope ratios  (for ) are always be greater than 1, but the uncertainties also 

include  unphysical solutions ( This condition depends  largely on the ratio , which in 

our case for 10 ML and 7.5 ML, is too small compared to our expected experimental uncertainties. To 

satisfy the criterion, relative slope uncertainties for both thicknesses (10 ML and 7.5 ML) must be less 

than 5%, which is somewhat unrealistic. It is for this reason that in Table 2, the uncertainty is 

significantly larger on the CS value obtained with this pair of thicknesses. Therefore, we recommend 

using films of 7.5 ML and a higher thickness comprised between 25 and 30 nm.  

 

The exponential factor  can be interpreted as the distance over which the efficiency to break DNA by 

electrons of a specific energy is reduced by a factor. This definition corresponds to the effective 

attenuation length, which is representative of the electron behavior at low energies (< 100 eV) in water 

and DNA [11], because elastic scattering and vibrational excitation start to dominate relative to 
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ionization and electronic excitation as the electron energy decreases down to the subexcitation energy 

range. In this range, dissociative electron attachment becomes a significant energy-loss mechanism [32]. 

Due to the short-range interactions between electrons and molecules at low energies, electrons tend to 

scatter with random orientation along their path, whereas electrons of higher energies tend to follow a 

more linear path, as exemplified by the suitability of the Born approximation [33].  

 

We note that even if the measurement of absolute thicknesses is important for initial calibration, only 

relative thicknesses are required by our mathematical model. To determine the CS, we divide the initial 

slopes of two dose-exposure curves having different thicknesses. By doing so, only the factor  

remains; that factor can be expressed as a (unitless) relative thickness, because  should be constant for 

all thicknesses. The variable  must only bear the same units, as those used to express a thickness, 

without necessarily having to be a unit of length. For example, instead of using heights in the 

mathematical model, we could use a mass of plasmids to be traversed;  would then have a unit of mass. 

Knowing that film thicknesses vary linearly with DNA solution concentrations [20], we could simply 

use the ratio of initial concentrations and  would have millimolar units; alternatively, we could use 

monolayers as units for the height  and so for . In this case, it would be unnecessary to know the 

absolute height (in nanometer) of a single monolayer to obtain the exact same CS value. All these 

examples show that  doesn’t strictly have to be an effective attenuation length. Furthermore, nowhere 

in the mathematical model, do we need the density of DNA to determine the absolute CS. When 

decoupling the thickness dependence of the measured slopes, using the factor  from equation 8, we 

extrapolate to an infinitesimally thin film, specifically where the density no longer bears any physical 

meaning as the volume tends to zero; also, we only consider the probability of interaction with a single 

molecule (i.e. the absolute CS on a single scattering center). If we were to increase the film density, 

while preserving the same thickness, the measured slope of the dose-exposure curve would decrease 
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because the electron current would reach an increasingly smaller proportion of the film.  It also implies 

that the effective attenuation length would be smaller. Mathematically, from equation 14, a smaller slope 

 would compensate for a smaller  and consistently produce the same CS value as an endpoint. The 

only experimental requirement is that the density must be similar for all films within one measurement 

set, no matter what it is. Nevertheless, the density of a medium is needed in Monte Carlo particle track 

simulations to estimate the number of potential scatterers (related to the number density of scattering 

centers) within a certain transport distance, onto which is applied the probability of interaction. 

 

 

IV. SUMMARY 

The first part of the present study aimed at the characterization of nanoscopic plasmid films 

suitable for quantitative measurements of LEE-induced DNA damage. We have developed an alternative 

AFM method to determine the thickness of DNA films, using height histograms and force spectroscopy. 

These approaches are more efficient than standard profilometry, because they avoid the time-consuming 

scratching process that is normally required. Thickness determination through force spectroscopy is 

expected to be particularly suitable for film thicknesses larger (> 50 nm) than those considered in the 

present study (10-25 nm), especially for generating electron-induced DNA damage CSs at higher 

energies (0.1-10 keV). The macroscopic characterization of DNA films deposited by molecular self-

assembly suggests that at least part of the deposition process is regulated by evaporation of a very thin 

layer of highly concentrated DNA solution. We also investigated the plasmid deposition on tantalum-

coated substrates as a cost-effective alternative to the traditionally used graphite; our results for 

thickness measurements showed that plasmid films form similarly on both substrates, suggesting either a 

similar affinity of plasmid DNA for both substrates or a dominant role of the evaporation process, which 

is less dependent on the nature of the substrate.  
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The second part of the present study was focused on other experimental improvements to 

determine more precisely CSs for DNA damage induced by low-energy electrons. We also introduced a 

rigorous mathematical approach to calculate the uncertainty interval in our measurements, as we believe 

that standard deviations in the present context are not statistically significant. Owing to a careful 

electron beam characterization and standardization, we obtained a CS having an absolute uncertainty 

that is demonstratively more reproducible than those measured previously. The present experimental 

refinements and determination of the absolute error on the CS at 10 eV provide a mean of calibrating 

relative CSs measured around that energy.  
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