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1. Introduction 

 

 Boron is a light element which has an atomic number of 5. The average atomic 

weight of boron is 10.811, because there are two naturally occurring boron isotopes: 

10
B (19.9%) and 

11
B (80.1%). Since boron has intermediate properties between metals 

and non-metals, and boron is widely distributed on the earth as well as boron is a 

micronutrient element,
[1] 

boron is widely found and used in our daily life such as: in 

glass, water, food, animals, plants and so on. Therefore, boron analysis is necessary 

and important in these fields so that our life can be better by controlling boron in 

proper ways. For example, as an important component of glass, boron is an element for 

chemical resistance and for lowering the expansion coefficient of glass through its 

strong influence on the viscosity of the glass melt. The boron concentration in glass is 

studied by using X-Ray Fluorescence (XRF) to test the quality of glass.
[2]

  

 Measurement of boron in food and water is also very important because the low 

intake of boron affects the cellular function as well as other nutrients’ activities in 

human and animals.
[3]

 Boron in water can be measured by using UV-Vis spectrometry 

with the Azomethine-H method.
[4]

 Besides water, UV-Vis spectrometry can also 

analyze boron in plant tissues after being digested by a strong acid followed by a 

proper dilutions. Then, UV-Vis spectrometry can analyze the colorimetric 

Azomethine-H boric acid, the product from the reaction of Azomethine-H and digested 

solution as shown in Figure 1.
[5],[6] 
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Figure 1. Reaction between Azomethine-H and boric acid 

 

 The boron analysis by UV-Vis spectrometry is based on the Beer-Lambert law, 

A = Ɛ × l × c. Based on the formula of Beer-Lambert law, molar absorptivity (Ɛ) is 

known from the slope of its calibration curve and the path length (l). It can be kept 

consistent between standards and samples by using the same size of cuvettes, therefore, 

a calibration curve can be generated based on the absorbance as a function of 

concentration. For this method, the absorbance (A) is measured at the wavelength of 

415 nm.
[5],[6] 

Then the concentration can be determined from the absorbance using the 

calibration curve. 

 Two other major fields of study that focus on boron are: Boron Neutron Capture 

Therapy (BNCT) and the study of boron's role in plants. Boron compounds have been 

prepared to explore BNCT as a technique for killing cancer cells. BNCT was first 

proposed by Locher in 1936.
[7] 

BNCT is a binary radiotherapy system which involves a 

two-step procedure: enrichment of the tumor with 
10

B and irradiation of the tumor 

target with thermal neutrons.
[7]

 BNCT depends on the interaction with 
10

B, but not 
11

B, 

because of the large cross-section of 
10

B. The thermal neutron cross-section of 
10

B is 

3840 barns, but the cross-section of 
11

B is only 0.055 barns.
[8]

 This large difference in 
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their cross-sections is due to the nucleons arrangement in the "nuclear model" of 
10

B 

and 
11

B.  The radiation therapy technique uses the neutron capture on 
10

B to produce 

7
Li and 

4
He (

1
n + 

10
B → 

7
Li + 

4
He) with a short particle’s travelling range and a high 

linear energy transfer (LET). Therefore, the radiation is lethal to tumor cells when 

tumor seeking boron labeled drugs such as boron sodium captate (BSH) or 

borophenylalanine (BPA) are used. Recently, investigators are trying to synthesize 

boron clusters to achieve therapeutic boron concentrations and high tumor selectivity, 

and these boron clusters are still being evaluated.
[7]

 Because of the short range of 
4
He, 

8 microns, neighboring normal cells are not damaged from BNCT.
[9]

  In addition, a 

prerequisite of this approach is that boron labeled drugs can target the tumor 

selectively or not so that the ionization particles can kill tumors. Therefore, some 

investigators use neutron capture radiography to study boron concentration distribution 

among rat lung section injected by BPA in order to study how well the infused boron 

can target the tumor.
[10]

 

 Besides BNCT used in human applications, boron is a micronutrient element and 

boron transport mechanisms are important in plants. Boron is used by plants in three 

areas: keeping cell wall structure, maintaining membrane function, and supporting 

metabolic activities.
[1]

 It plays an important role in the plants' crop yield. Both boron 

deficiency and boron toxicity will decrease the crop yield and the quality of plants. 

Boron deficiency becomes one of the most common micronutrient deficiencies in 

plants. It causes a large number of symptoms such as reduction of leaf expansion, 

cessation of root elongation, and fertility loss. Like boron deficiency, boron toxicity 

also has several symptoms such as growth reduction and chlorosis at the leaf tip and 
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margins of the mature leaf.
[11]

 Maintenance of boron's critical level in plants is very 

important so that the crop yield can be maximized. The "critical level" is defined as the 

tissue concentration which is just high enough to avoid deficiency reactions.
[12]

 The 

physiological role of boron in plants in not completely understood. It is necessary to 

investigate boron quantitatively and obtain the visual image of boron distribution to 

provide insight into boron's distribution in plants in order to understand boron's 

transportation mechanism in plants. To study these investigations, not only the amount 

of boron in each organ of plants and even in each organism of cells needs to be 

quantified, but also boron distribution image in plants needs to be obtained and 

studied. However, compared to BNCT that delivers additional 
10

B compounds by 

injection, the study of boron in plants is more difficult due to 1) plants have additional 

mechanisms because of its additional organs such as vacuole, chloroplast, and cell 

wall; 2) boron's endogenous concentration in plants is lower and more diffuse than in 

animals treated for BNCT and increased amounts of boron can't be infused into plants 

without a concern for toxicity which means the requirements on the accuracy, 

precision, and limit of detection (LOD) of techniques used are much higher.  
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2. Techniques used to study boron in plants 

 

2.1 Evaluation of techniques on the study of boron in plants  

 Over several decades, many techniques have been used by investigators to study 

boron, not only quantitatively, but also imaging analysis. Before ICP-MS was 

introduced, Neutron Activation Analysis (NAA) was a standard analytical method for 

multi-elements measurements by analyzing their unique gamma rays emitted when 

exposed to a neutron source.
[13] 

NAA was discovered in 1936 by Hevesy and Levi and 

then started to be used in various areas of science.
[14]

 Traditionally, NAA was used to 

measure gamma rays from radioactive daughter nuclei and it is insensitive to boron.
[14]

 

Prompt Gamma Activation Analysis (PGAA) is another type of NAA that can measure 

boron. It is a fast, non-destructive, and internally-calibrated method that can measure 

the average boron concentration based on the characteristic gamma-ray 

spectroscopy.
[15]

 However, it shows the average 
10

B concentration in bulk samples and 

the minimum amount of detectable 
10

B is 15 µg that indicates the amount of plants 

sample used may have to be 1 g or more to have enough 
10

B to be detected. Therefore, 

it is not a suitable method to study boron distribution in plant samples.
[16]  

Recently ZnS(Ag) autoradiography has become another popular technique that 

utilizes neutron capture reaction to study elemental distribution. This technique 

commonly uses ZnS(Ag)/
6
Li scintillation detector, a Symetrica neutron detector which 

uses a wavelength-shifting plastic paddle coated by 
6
Li and ZnS(Ag) mixture, to study 

distribution of 
6
Li. ZnS(Ag) is neutron phosphor and 

6
Li is neutron absorber. The ZnS 

(Ag) autoradiography has been used for 
6
Li imaging analysis due to its high resolution 
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(0.8 mm) by using the detector with wavelength shifting fibers. But its biggest problem 

is that it is difficult to use this technique to obtain a clear image especially when 

samples have low concentration of elements because of its low sensitivity.
[17],[18]

 In this 

research, plant samples will be used instead of 
6
Li as the neutron absorber to study 

10
B 

imaging analysis in plants. Although the neutron cross-section of 
10

B is about four 

times higher than the neutron cross section of 
6
Li, 

10
B still decreases the light yield 

comparing to 
6
Li due to its lower nuclear reaction energy.

[19]
 However, the calculated 

and measured thermal neutron fluxes produced at The University of Missouri Research 

Reactor Center (MURR) can be very high, 8.8 x 10
8
 n·cm

-2
·s

-1
, this special advantage 

provides the possible feasibility of this technique for boron study in plants.
[20]

  In the 

further investigation, a calculation regarding whether a clear image can be obtained 

was performed. To have a good contrast image, the neutron absorber has to absorb 

90% of the neutron beam in the MURR, I/I0 = e
-nσt  

≥ 0.9, σ =
10

B crossection; n = 

atoms/cm
3
; t = sample thickness. As a result, 

10
B concentration must be at least 

4.8×10
4 

µg/g to obtain clear contrast. However, if boron concentration reaches that 

high level, plants will die because of the boron toxicity. Therefore, this technique is not 

feasible to our plant study project.    

Unlike PGAA and ZnS (Ag) autoradiography, UV-Vis spectrometry is a 

colorimetric method. It is a conventional technique that investigators use to determine 

boron concentration in plants because of its several advantages. First all, it is not only 

less expensive than mass spectrometry and thus easier for investigators to purchase, 

use and maintain. Additionally, it has low detection limit down to 1 µg/g as well as 

good accuracy and precision. However, like other techniques, it also has limitations. 
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The UV-Vis spectrometry may slightly overestimate boron in plants because of the 

interference from some other elements in plants such as Al and Fe.
[21]

 Moreover, 

because UV-Vis spectrometry can only analyze liquids, all plant samples must be 

digested into liquids before the analysis. In order to reach above LOD, a large amount 

of samples have to be collected for the analysis. This means UV-Vis spectrometry can 

only analyze boron concentration in bulk plant samples. Because of this limitation, 

UV-Vis spectrometry can not be used to study boron distribution in plants.  

To addressee the limitations of UV-Vis spectrometry mentioned above, 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) is utilized recently because 

it has a very low detection limit, down to 1 ng/g, high accuracy, high precision, and 

has multi – element capability. Compared to UV-Vis spectrometry, ICP-MS can study 

much smaller sample amounts because of its low LOD, but the mass of samples 

analyzed by ICP-MS is suggested above 50 mg in order to reduce the possible errors 

that may occur during the sample preparation procedure. However, ICP-MS can only 

analyze liquid samples, which is not suitable for our boron distribution study in solid 

samples. But ICP-MS can be used as a reliable technique to validate or provide some 

information.   

Recently, investigators are combining a laser chamber with an ICP-MS 

instrument to generate a new technique called Laser Ablation ICP-MS (LA-ICP-MS). 

Since LA-ICP-MS uses ICP-MS for detection, it has most of the advantages of ICP-

MS; additionally, it can do direct analysis on solid samples that can avoid dilution 

effect and additionally it has a simple sample preparation.
[22]

 However, LA-ICP-MS 
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does require homogeneous calibration standards which is an involved procedure. Some 

investigators prepared their calibration standards by pressing samples into pellets, 

slicing samples in a cryostat and so on. However, it is destructive because the sample 

portion hit by the laser will be turned into gas, and swept by He gas into the plasma. 

And the precision of LA-ICP-MS still remains challenging not only because it’s hard 

to generate very homogenous standards in solid, but the homogeneity of sample 

introduction into ICP-MS is also difficult to be controlled. Before utilizing LA-ICP-

MS to study boron distribution in plants, these challenges need to be addressed.  

Quantitative Neutron Capture Radiography (QNCR) utilizes the high neutron 

cross section of 
10

B to complete its neutron capture reaction that emits alpha particles. 

Through detecting tracks left by the alpha particles, QNCR will trace to the 

concentration of boron in the samples and how boron distributes over the samples. It is 

a non-destructive method that has many advantages such as high resolution, good 

detection limit (µg/g), simple sample preparation and visual distribution. But the 

correlation between samples and detectors is needed and it is labor-intensive in 

capturing images and counting tracks. A necessary requirement for this method is a 

good source of neutrons and fortunately the reactor in MURR can provide a high 

neutron flux.  

So, among these techniques, in order to study boron in our plants samples, we 

would like to use this QNCR to do boron quantitative analysis and to analyze boron 

images. 
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Based on these investigations, LA-ICP-MS and QNCR are selected to be 

developed and used to study boron quantitative analysis and imaging analysis in 

plants. ICP-MS and UV-Vis spectrometry were be used as complementary techniques 

since they are well developed and commonly used for boron analysis in plants. More 

information on the details of these techniques is given below.  

2.2 UV-Vis spectrometry 

UV-Vis spectrometry, a colorimetric method, is a conventional technique to 

study boron in plants and it is widely used by investigators. Investigators have been 

interested in investigating colors for hundreds or even thousands years. Newton 

established the relation between colors and lights by passing lights through prism.
[23]

 

Kirchhoff found a substance that absorbs a light can also emit the same wavelength of 

the light by studying the spectral lines.
[24]

 In 1913, Niels Bohr proposed spectral 

interpretation based on the characteristic spectral lines.
[25]

. In the 1930s, colorimeter 

was developed to isolate a specific wavelength for spectral analysis by using 

photodetectors. Also, color comparator was developed to determine concentration from 

the light absorption based on Beer’s Law that states the relation between light 

absorption and concentration.
[26]

 By using these important findings, the first UV-Vis 

absorption spectrometer, Cary 11, was produced and became commercially available 

in 1947.
[27]

 The sample analyzed by UV-Vis spectrometry absorbs the light in 

ultraviolet and visible light range, 380 – 750 nm. Bohr proposed that electrons in 

molecules can be excited to a higher energy state when they absorb the energy that is 

equal to the difference between the two states. When electrons drop back to the ground 

state, they emit that amount energy. That’s the starting point and ending point of the 
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absorbance. The concentration can be determined from the absorbance that varies as a 

function of concentration. For boron study, the absorbance can be obtained by the UV 

– Vis spectrometry from the color-producing complex produced from the specific 

reaction between boron and organic dyes such as Azomethine-H, curcumin, carmine, 

and so on.
[28]

. Then the concentration can be determined from the absorbance through 

calibration curve. Since curcumin and carmine methods are hazardous, these methods 

are limited.
[28]

 Azomethine-H is the most popular method for boron study in plants. It 

uses the absorbance at the wavelength of 415 nm from colored complex formed by the 

reaction in Figure 1. Then the boron concentration can be determined from the 

absorbance through the calibration curve.
[6], [28]

 

UV-Vis spectrometry has become popular for boron analysis in plants because it 

is not only accurate and precise, but it is very simple, feasible, and fast to analyze 

boron concentration on µg/g level. Comparing to ICP-MS, this technique is much 

cheaper and needs less maintenance on the instruments. So, a number of investigators 

in plant science still like to use this technique to study boron. However, due to the 

limitations of UV-Vis spectrometry discussed in Section 2.1, ICP-MS is used more and 

more for boron analysis in plants because of its lower limit of detection that means 

smaller amount of sample can be collected for the analysis. Additionally, other 

elements in plants won’t bring any interference because of the characteristic spectrum 

of boron.  
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2.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)  

ICP-MS, introduced in 1980 by Houk and co-workers
[29]

 and commercialized in 

1984,
[30]

 has become a popular technique due to its fast measurement, multi-element 

capability, excellent sensitivity, low detection limit (ng/g), good accuracy and 

precision.
[31],[32]

 Figures 2 and 3 below show the schemes of two generations of ICP-

MS that are used: VG Axiom high resolution Inductively Coupled Plasma Sector Field 

Mass Spectrometry (ICP-SFMS) and NexION 300 Inductively Coupled Plasma 

Quadruple Mass Spectrometry (ICP-QMS). In ICP-SFMS, the sample solutions pass 

through the nebulization process before being introduced into the spray chamber. In 

the nebulization process, the nebulizer uses Ar as the nebulizer gas at a constant flow 

rate to break sample in solution into aerosols. The aerosols are introduced into plasma 

from the spray chamber. The plasma in high temperature formed by the radio 

frequency power supply will break the molecules in aerosols into atoms, then these 

molecules will be ionized by the Ar
+
 in plasma at around 7000 K. Then the triple cones 

will not only provide more gradual change of the instrumental condition after the ions 

pass from the high temperature plasma, but block most particles coming out with ions. 

Then the optical lens will focus the ions into an ion beam. The electrostatic analyzer 

and electromagnet will separate the ions based on their kinetic energies and mass to 

charge ratios (m/z) before the ions reach to the detector. Entrance and exit slits can be 

set differently in order to either increase the mass resolution with the sensitivity 

decreased or increase the sensitivity with mass resolution decreased based on the 

requirement on the analysis. The detector will read the number of ions reached with 

characteristic kinetic energy and m/z, and then convert into signals on the monitor of 
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computer. The ICP-MS contains two detectors: dynode detector that analyzes the 

intensity lower than 2E+06 ions/s, when the intensity is higher than 2E+06 ions/s, 

analog detector will be switched automatically since the dynode can’t maintain the 

linear calibration curve above this event rate. Dual detector calibration can be 

performed with a conversion coefficient of 0.999 so that switching detectors do not 

affect the results. Also internal standards can be used to correct the difference of the 

instrumental condition between each samples’ running. Although spectral interference 

is one of main limitation of ICP-MS, the ICP-SFMS can solve this limitation by setting 

the entrance and exit slits to reach the high mass resolution (up to 10,000).
[33] 

The 

intensity of signals can be calibrated to the elemental concentration through the 

calibration curve obtained from running calibration standards.   

Although, ICP-SFMS can analyze multi-elements on high mass resolution, it has 

to be tuned manually before running the analysis and the sample must be loaded and 

unloaded manually as well, which is labor intensive. Comparing the ICP-SFMS, ICP-

QMS is a new generation of ICP-MS that can not only do the smart tunes by itself, but 

it can run all samples automatically by itself. Most parts in ICP-QMS are the same to 

ICP-SFMS except automatic sample loading system, ion deflector, universal cell, and 

quadrupole mass filter. Automatic sample loading system can load samples and switch 

sample loadings automatically so that investigators don’t have to be present in the 

laboratory. Ion deflector is used to deflect the ions by 90º and it can remove the 

particles that have no charge on them. The universal cell can switch between three 

modes in the ICP-QMS based on the requirement on the sensitivity and mass 

resolution: standard mode, kinetic energy discrimination (KED) mode, and reaction 
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mode. Standard mode is the mode that maintains the current sensitivity. KED mode 

improves the mass resolution by using non-reactive gas to remove other interference 

molecules. But the sensitivity will be reduced during the collision procedure. Reaction 

mode is used when there is an interference molecule that has very similar m/z to the 

analyzing element. In the reaction mode, a reactive gas is used to react with the 

molecule that has very similar m/z so that the m/z can be changed to be differentiable 

from the analyzing element’s m/z. Because boron in plants will be analyzed and there 

is not any suspected ion having similar m/z to boron’s m/z, to maintain the sensitivity, 

the standard mode is used for boron analysis at the beginning of ICP-QMS use. 

Quadruple mass filter will separate ions based on their m/z before reaching to the 

detector. There are four rods in the quadruple mass filter, the oppositely positioned two 

rods are applied by radio-frequency to have positive voltage, and the other two rods 

are applied by direct current to have negative voltage. The opposite positive and 

negative voltage on rods will fluctuate the ions that have different m/z differently in 

the mass filter. Because of this different fluctuation, the overall distance that different 

m/z ions travel in the mass filter will be in different time. As a result, ions having 

different m/z will be separated in the quadruple mass filter before reaching the detector. 

Because of the high mass resolution of the ICP-SFMS, it was used to test the 

accuracy and precision at the beginning to prove that the ICP-MS can be used to study 

boron in plants by using Standard Reference Material (SRM) samples, and then the 

experiment was repeated by using ICP-QMS on standard mode to prove the spectral 

interference doesn’t affect the accuracy of ICP-QMS on standard mode to analyze 

boron concentration in plants.  
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Figure 2. Scheme of Axiom high resolution ICP-SFMS 
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Figure 3. Scheme of Axiom high resolution ICP-QMS 

 
  

 

Although ICP-MS has a number of advantages and becomes popular for 

investigators to use for multi-elemental analysis, it can only analyze solutions, not 

solid samples. Because the ICP-MS can only analyze solutions, as the sample 

preparation procedure, the plant samples have to be digested into solutions and further 

dilution needs to be done. The sample is lost and contamination may occur in these 

processes. Also, although ICP-MS has low LOD, but there must be a bulk of sample to 

be collected for its digestion before doing the analysis. Because ICP-MS can only do 

bulk analysis on digested samples, then LA-ICP-MS was developed so that solid 

samples can be analyzed as well. 
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2.4 Laser Ablation ICP-MS (LA-ICP-MS) 

 Scientists developed LA-ICP-MS by combining the laser system for solid sample 

introduction with ICP-MS for detection in 1985 and the first commercial laser ablation 

system was used in the mid-1990s.
[34]

 The principle of ICP-MS is described in the 

Section 2.3. LA-ICP-MS has most of ICP-MS’s advantages because it uses ICP-MS as 

its detection method, additionally LA-ICP-MS has a high spatial resolution, it also can 

analyze directly on solid sample surface without sample digestion and dilution. In 

addition, the contamination or sample loss during these sample preparation procedure 

can also be reduced.
[22],[35],[36]

 Because of these extra advantages, LA-ICP-MS has 

already been developed and used by some investigators to study elements 

quantitatively and elemental distribution in samples. Figure 4 below demonstrates how 

the laser ablation works in LA-ICP-MS. 
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Figure 4. Laser ablation procedure of LA-ICP-MS 

 
 

The LA-ICP-MS works by: (1) a portion of the sample surface is converted into 

particles through ablation by the laser. Then the carrier gas (Ar) will sweep the 

particles into the plasma of ICP-MS instrument at a constant rate; (2) it will be 

nebulized and then ionized by the plasma source; (3) the detector can analyze ions 

based on their own m/z; (4) the spectra will be shown on the monitor based on the 

intensities that the detector receives. The step (1) occurs in the laser ablation system. In 

the laser ablation system, samples are loaded on a moving stage that can move samples 

so that the interested region of the sample can be focused and ablated by laser. The 

Charged Coupled Device camera (CCD camera) is used not only to view the sample in 

the laser chamber, but to focus on the surface that’s ablated by laser. The details of the 

steps (2) – (4) that occur in the ICP-QMS are described in Section 2.3. Some scientists 
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have already started to use LA-ICP-MS to do elemental study in plants. For instance, 

B. Wu et al used LA-ICP-MS to quantitate elements and study elemental distribution 

in the leaves of Elsholtzia splendens. They ablate the whole leaf line by line from the 

tip to the bottom in order to obtain boron distribution generated from their results.
[37]

 

In their analysis on plant tissues, 
13

C
+
 is used as the internal standard to correct the 

inhomogeneous sample introduction because 
13

C
+
 is homogenously distributed 

throughout the leaf 
[37]

. A new image generation and analysis (IMAGENA) software 

was used to construct the 2-dimentional image because it has high contrast and it is 

able to deal with common problems such as signal outliers and drifts in the y-

direction.
[38]

 However, investigators are still developing LA-ICP-MS to overcome its 

current limitations such as the inhomogeneity of calibration standards, laser pulses and 

so on. Additionally LA-ICP-MS is an invasive technique and the elemental distribution 

can not be directly visualized unless using some software to generate image by 

imputing data. However, another technique, QNCR, is non-invasive to samples and it 

has potential to generate boron distribution image from the tracks distribution. 

2.5 Quantitative Neutron Capture Radiography (QNCR) with CR-39 

 

Before development of ICP-MS, NAA was commonly used for multi-elemental 

analysis. Also utilizing appropriate radioactive isotopes as the tracers is a possible 

approach to analyze elemental distribution so that the biological role such as their 

transport and metabolism in plants can be investigated. However, both of these two 

methods require radioactive isotopes. There are a few elements, such as boron, which 

doesn’t have suitable radioactive isotopes for isotopic labeling and autoradiography. So, a 
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technique, based on neutron capture nuclear reactions and the cross section of its target, 

may be a suitable alternative. The name of this technique was originally called by 

autoradiography by neutron, but now it is called neutron capture radiography.
[39]

 Because 

investigators are developing this technique for quantitative analysis, sometimes it’s also 

called by Quantitative Neutron Capture Radiography (QNCR). In QNCR measurement, 

neutrons pass through a thin section of sample attached to a polymeric Solid State 

Nuclear Track Detector (SSNTD).
[40]

 The source of neutrons can vary, from a sample of 

252
Cf that decays with a half-life of 2.65 years to a high neutron flux reactor. For this 

method to be successful there has to be a high probability the neutron will interact with 

the chosen nucleus. Naturally occurring boron consists of two isotopes: 
10

B (19.9%) and 

11
B (80.1%). Fortunately, the cross-section of 

10
B is large at 3840 barns, while the cross-

section of 
11

B is 0.055 barns. Thus, as the neutrons interact with a fraction of 
10

B atoms 

present in the sample, 
10

B atoms will become unstable 
11

B in high energy that 

immediately splits into  particles and 
7
Li atoms as chemical products. The alpha 

particles and 
7
Li ions form tracks on the SSNTD that can be visualized under microscope 

after being etched by a base solution. Then, the tracks on the SSNTD that reflect the 

boron distribution can be analyzed. With suitable calibration standards, the boron 

concentration can be quantified resulting in Quantitative Neutron Capture Radiography 

(QNCR). This QNCR process is shown in Figure 5 below.  
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Figure 5. General process of QNCR  

 

 

 

 

 

 

 

 

 

 

This technique interacts with boron atoms regardless of its chemical form and 

does not rely on experimental procedures of extraction, chemical reactions with reagents, 

or sample size. Therefore, this approach has a number of advantages in addition to high 

sensitivity and resolution. Use of QNCR has been widely studied in the development of 

boron neutron capture therapy (BNCT) as a medical treatment.
[41],[42]

 

In previously published studies, individual leaves from field grown B-deficient, 

normal and B-treated coffee plants have been assessed by QNCR with a portable 
252

Cf 

source. While convenient, the thermal neutron flux (10
4
 n·cm

-2
·s

-1
) on the target is low 

relative to a nuclear reactor requiring irradiation times of up to 24 hours even with 
10

B 

enriched samples.
[43]

 Martini and Thellier also used QNCR to study 
10

B distribution in 

leaves from clover plants after seedlings grown for eleven days in nutrient solutions 

containing 
10

B enriched solutions. A high thermal neutron fluence reactor (10
16

 n·m
-2

) 

analyzed frozen cross sections of the foliole region of the leaf. After irradiation by either 
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method, a base solution is used to enlarge the tracks so that they can be observed using a 

microscope.
[44],[45]

 Counting the tracks manually by inspection of the images is tedious 

and introduces the potential for reader bias; however, automated alpha track readers are 

now available to provide raw counts of tracks formed from the nuclear reaction. 

Approaches to quantitate the tracks formed on the detectors from the neutron irradiation 

of 
10

B include theoretical equations tested for accuracy in parallel studies with a 

colorimetric test, and some type of calibration standards.
[46],[47]

 Previous attempts in 

preparation of QNCR calibration standards have been reported. At the end of 1990s, 

calibration standards were made by applying solutions on the SSNTD.
[48]

 However, the 

linear range of the QNCR calibration curve is limited at high 
10

B concentrations by 

overlapping tracks,
[49], [50]

 and at low 
10

B concentrations by non-linearity near the limit of 

detection.
[50]

 Other current limitations on the QNCR calibration for boron analysis in 

plants include the difficulty of creating plants matrix matched calibration standards and 

the lack of commercially available SRM used to evaluate the accuracy of the QNCR with 

the calibration method.
[51]

  Portu et al. used filter paper soaked by borax solution initially, 

but stopped further investigation because of the inhomogeneous boron distribution on 

filter paper. Subsequently, they built a device containing standard solutions that were in 

contact with the SSNTD detector during irradiation procedure.
[45]

  Translation of this 

method to the boron analysis in solid plant samples would be difficult. Khojasteh et al. 

reported a calibration curve prepared by drying standard H3BO3 solutions on 

polycarbonate foils.
[50]

 The authors expressed concern about potential boron loss and 

inhomogeneous boron distribution on the foils during the application procedure.  
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Regarding to the detector, CR-39 detector is chosen as SSNTD to be used because 

CR-39 detectors exhibit higher sensitivity to alpha particles and saturates at higher 

exposure value.
[52]

  

 

2.6 Research goals 

 The hypothesis of this research is whether LA-ICP-MS and QNCR can assess 

and provide boron concentration and boron distribution in plant tissues accurately and 

precisely. The goal of this research is to develop Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry (LA-ICP-MS) and Quantitative Neutron Capture 

Radiography (QNCR) so that boron quantitative analysis and boron imaging analysis 

can be studied in maize. Meanwhile, ICP-MS can be used as appropriate to measure 

boron concentration in bulk samples. 

2.7 Summary  

 UV-Vis spectrometry with Azomethine-H method and ICP-MS are commonly 

used by investigators for boron analysis. However, both of these two techniques have 

limitations. For example, both UV-Vis spectrometry and ICP-MS require sample 

digestion and dilution before its analysis, which means sample loss and contamination 

may occur during these processes. Also for UV-Vis spectrometry, some elements may 

interfere the boron concentration measurement in plants. Therefore, the accuracy and 

precision of these two techniques on analyzing boron in plants were evaluated by using 

SRM and discussed in Chapter 3. ICP-MS was used for preliminary boron analysis in 

plants so that we have a general idea on how much boron and how boron transports in 

maize, the plant we are interested. 
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Besides UV-Vis spectrometry and ICP-MS, feasibility of LA-ICP-MS and 

QNCR on studying boron in plants are also investigated and discussed in Chapter 4. In 

addition, the calibration method as well as the visualization of boron distribution in 

maize are generated and studied.  
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3. Destructive methods of measuring boron in plants 

 

3.1 Introduction 

 UV-Vis spectroscopy with Azomethine-H method and ICP-MS are two popular 

techniques that investigators use for boron analysis. Their principles and features are 

discussed in Section 2.2 and 2.3. In late 1970’s, investigators used the Azomethine-H 

method with UV-Vis spectroscopy technique for boron analysis on the μg/g level. 

After ICP-MS became commercially available in 1984, investigators began to use ICP-

MS to analyze boron because ICP-MS can do multi-elements analysis including boron 

on the ng/g level. However, because ICP-MS is much more expensive and its 

maintenance cost is higher, a number of investigators still use Azomethine-H method 

to measure boron concentration. In this Chapter, sample preparation method for boron 

analysis by Azomethine-H method is studied and optimized. Standard Reference 

Materials (SRM) are used to evaluate the accuracy and precision of Azomethine-H 

method and ICP-MS for boron bulk analysis in plants in this Chapter. The advantages 

and disadvantages of both techniques are compared and discussed based on their 

sample preparation methods as well as their SRM results. Additionally, [B] in different 

regions of maize leaves are also analyzed by ICP-MS. 

 In anticipation of later research on non-destructive methods of measuring boron 

in plants, these two analytical methods were evaluated as ways to verify boron 

concentrations and the details of the evaluation are described and discussed in this 

Chapter.  
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3.2 Ultraviolet-Visible spectroscopy (UV-Vis spectroscopy) 

3.2.1 Materials and methods  

3.2.1.1 Materials 

 UV-Vis spectrometer (CARY 100 Bio), 2.9 mL cuvettes (Fisher Scientific), 

Azomethine-H (Azomethine-H monosodium salt hydrate, ~95%, Sigma), ascorbic acid 

(≥ 99.0%, Sigma), Ammonium acetate (≥ 98%, Sigma), EDTA (EDTA tetrasodium 

salt dihydrate, 99%, Acros Organics), glacial acetic acid (Fisher Scientific), 12.1N HCl 

solution (Fisher chemical), boric acid powder (≥ 99.5%, Sigma), 
10

B enriched boric 

acid powder (≥ 99 atom % 
10

B, Aldrich), 1000 µg/g boron stock solution (High-Purity 

Standards), Standard Reference Material (SRM) 1570, SRM 1572, and SRM 1575 

(National Bureau of Standards) are used as received.   

3.2.1.2 General method   

Preparation of Azomethine-H solution, buffer solution, and standards/samples 

solutions are described below.
[21]

  

Azomethine-H solution preparation (2.02 × 10
-2

 M):  90 mg Azomethine-H  

and 200 mg L-ascorbic acid were added to a tared 15 mL centrifuge tube standing in a 

small Erlenmeyer flask (tared) on a balance. It was filled with D.I. water to 10 g and 

then shaken until all powders are dissolved. This solution is stored in a refrigerator 

with aluminum foil around to slow its hydrolysis as shown in Figure 6.
[6]

 The 

Azomethine-H solution can be used for a week after it was prepared or fresh solution 

was made.  
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Figure 6. The hydrolysis of Azomethine-H 

 

 

 

 Buffer solution preparation:  50 g Ammonium acetate and 5 g EDTA were added 

to a tared beaker on a balance, and then it was filled with 80 mL D.I. water. The 

mixture was put in a heated water bath so that the powders could be dissolved. After 

the solution cooled, 25 mL glacial acetic acid was added. It was mixed with a glass rod 

and then the solution was transferred into 40 mL centrifuge tubes for storage. The pH 

of the buffer solution is 5.0.
[53]

  

Boron standard solutions preparation: Boric acid solution containing 1000 µg/g 

boron was prepared from dissolving 0.23 g boric acid powder in a tared 40 mL 

centrifuge tube standing in a small beaker on a balance with 1 N HCl solution to 40 g. 

1 N HCl solution was used as 0.0 µg/g boron standard solution. Then 2.5 µg/g, 5.0 

µg/g, 7.5 µg/g, and 15.0 µg/g boron standard solutions (the molarity of 15 µg/g boron 

standard solution is 1.36 × 10
-3

 M) were diluted from 1000 µg/g boron stock solution 

with the 1 N HCl solution. Then 0.5 µg/g boron standard solution was prepared from 

diluting a sample of the 5 µg/g boron standard solution prepared above. 
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Preparation of analyzed solutions in cuvettes, Method 1: 500 µL boron standard 

solution was added into a cuvette, followed by 1000 µL buffer solution, then 500 µL 

Azomethine-H solution to give 2000 µL total volume. The [B] that cuvettes contain are 

0.0 µg/g, 0.1 µg/g, 0.6 µg/g, 1.3 µg/g, 1.9 µg/g, and 3.8 µg/g after correcting the 

dilution factor described above. Two hours after adding the Azomethine-H solution, 

the cuvette containing 0.0 µg/g boron standard solution was scanned by the UV-Vis 

spectrometer without baseline correction first, then that spectrum was used as the 

baseline correction for all the following cuvettes analyzed by UV-Vis spectrometer on 

that day. Because the expected wavelength of the Boron-Azomethine-H complex 

absorbance is at 415 nm,
[5]

 the wavelength range scanning mode of UV-Vis 

spectrometer was used and the range from 550 nm to 250 nm was scanned so that the 

entire spectrum can be recorded. This was done and repeated after 3 days. 

3.2.1.3 Accuracy and precision of Azomethine-H method of measuring boron and 
10

B enriched samples 

Preparation of a boron solution for testing from a certified stock solution was 

done as described below. Boron solutions were prepared from diluting certified 1000 

µg/g boron stock solution by adding 50 μL boron stock solution into a 15 mL 

centrifuge tube standing in a small Erlenmeyer flask on a balance (tare weight) and 

then filled with 1N HCl to 10 g, 5 replicates were prepared in total. Cuvettes solutions 

were prepared with Method 3, 750 µL standard/sample solution + 750 µL buffer 

solution + 375 µL Azomethine-H solution. Preparation of Azomethine-H, buffer 

solution, and boron standard solutions used above are described in Section 3.2.1.2. 

After two hours, the solutions in cuvettes were analyzed by the UV-Vis spectroscopy 
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as described in Section 3.2.1.2 in the order of cuvettes containing boron standard 

solutions (0.0 µg/g, 0.1 µg/g, 0.6 µg/g, 1.3 µg/g, 1.9 µg/g, and 3.8 µg/g), followed by 5 

replicates of cuvettes containing sample solutions, then the cuvette containing 1.9 µg/g 

boron was re-analyzed. 

Preparation of a boron solution for testing from 
10

B enriched H3
10

BO3 were 

done to test the accuracy and precision of Azomethine-H method on analyzing [B] in 

10
B enriched samples. To prepare the 

10
B enriched samples: 1000 µg/g 

10
B enriched 

solution was prepared from dissolving 0.22 g 
10

B enriched boric acid powder in a tare 

weight 40 mL centrifuge tube standing in a small beaker on a balance with 1 N HCl 

solution to 40 g. 50 μL 1000 µg/g 
10

B enriched solution was pipeted into a 15 mL 

centrifuge tube standing in a small Erlenmeyer flask on a balance (tare weight) and 

filled with 1N HCl to 10 g, 5 replicates were prepared in total. The 5 replicates of 
10

B 

enriched samples were analyzed by using Method 3.  

3.2.1.4 Accuracy and precision of Azomethine-H method of measuring boron in 

plants 

Because the calibration curve was constructed from 0 µg/g to 3.6 µg/g as 

described in Section 3.2.2.2, the solutions prepared from SRM in the cuvettes had to be 

diluted approximately in this range before analysis. Dry ashing was used to digest 

SRM samples (SRM 1570, 1572, and 1575) into solutions for the analysis of UV-Vis 

spectroscopy.  As the dry ashing procedure, 1 g of each three replicates of SRM 

powders was weighed in each crucible (tared). Then the crucibles containing SRM 

powders were put in a furnace under 800 °C for 4 hours with two crucible blanks. The 

temperature ramped up at 20 °C/min until reaching 800 °C. After the crucibles were 
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cooled, 1 N aqueous HCl was added to each crucible. A glass rod was used to smash 

the residue and stir the digestion solution. Then the solution was added to a tared 15 

mL centrifuge tube. This procedure was repeated two more times so that the potential 

boron in the crucibles can be rinsed and collected into the centrifuge tubes. After that, 

1 N HCl was added into the centrifuge tube to bring the solution up to about 8 mL – 10 

mL on a balance so that the expected [B] in the cuvettes can be in the range of 0.1 – 

3.6 µg/g as discussed in Section 3.2.2.2. Then [B] in these SRM powder digestions 

were determined by UV-Vis spectrometer using the Method 3.  

3.2.2 Results and discussion 

3.2.2.1 Limiting reagent control 

The limiting reagent needs to be on the boron-containing sample so that the 

absorbance from boron-Azomethine-H complex can be produced from varied boron 

concentrations.   

The molarity of Azomethine-H in the Azomethine-H solution is 2.02 × 10
-2

 

mol/L, and the molarity of boron in 15 µg/g boron standard solution is 1.36 × 10
-3

 

mol/L. Since Azomethine-H and boric acid reacts in the molar ratio of 1:1 as discussed 

in Figure 1, when the volume ratio of Azomethine-H solution and 15 µg/g boron 

standard solution added into cuvette is 1:1, the mole’s ratio of Azomethine-H and 

boron in cuvettes is 14.8:1 that confirms the limiting reagent is on the boron standard 

solution. 
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3.2.2.2 Repeatability of Azomethine-H method with UV-Vis spectroscopy  

 The analyzing solutions were prepared and analyzed by UV-Vis spectroscopy as 

described in Section 3.2.1.2. The correlation between the absorbance and [B] in the 

cuvettes was plotted in Figure 7 left. Figure 7 left indicates the linear correlation 

between the absorbance and [B] in cuvettes and this correlation suggests it could be 

used as the calibration curve for measuring [B]. Because the linear range in Figure 7 

left is 0.1 – 3.6 µg/g, the expected [B] in unknown samples should be controlled in this 

range. Then the same experiment was repeated after 3 days to test the repeatability and 

its results are shown in Figure 7 right. Figure 7 right indicates the good repeatability of 

this UV-Vis spectroscopy with Azomethine-H method on studying boron.  

Figure 7. Left: Correlation between absorbance peak at 415 nm and [B] in cuvettes. 

Right: Correlation between the absorbance obtained from the experiment above and its 

repeated experiment. N = 1.  
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3.2.2.3 Optimizing the Azomethine-H method  

 The UV-Vis spectrometer operates a computer readout of absorbance vs 

wavelength. A sharp peak may occur at 384 nm causes the UV-Vis spectrometer to 

define and read this sharp peak as the maximum absorbance instead of the peak 

interested at 415 nm as shown in Figure 8 below. In the Figure 8 below, the red 

underline shows the UV-Vis spectrometer reads 384 nm as the first absorbance peak 

instead of 415 nm. Because of it, the spectrometer may not be able to define the 

absorbance peak wavelength correctly especially when the absorbance is low from the 

lower [B]. Manually recording the absorbance at 415 nm adds extra labor and personal 

bias. To make the absorbance peak’s reading straightforward and directly from the 

spectrometer, the sharp peak was studied to determine if it can be minimized.  

Figure 8. Typical spectrum, Method 1. 
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This peak at 384 nm is most likely from the excess uncomplexed Azomethine-H 

in the solution. To confirm this hypothesis, a cuvette was prepared by mixing 

Azomethine-H and a buffer-masking solution without adding boron standard solution 

that was analyzed by UV-Vis spectroscopy and its spectrum is shown in Figure 9.  

Figure 9. Spectrum on cuvette containing only Azomethine-H and buffer solutions 

 

 Figure 9 above demonstrates that the sharp peak is from the mixture of 

Azomethine-H and buffer-masking solutions. Four methods concluded in Table 1 were 

tested to determine if this peak could be minimized by varying the composition of 

Azomethine-H, buffer-masking, and boron standard solutions in cuvettes. The four 

methods of preparing the cuvette solution containing [B] of 0 µg/g, 0.1 µg/g, and 0.6 

µg/g were analyzed by UV-Vis spectroscopy as described in Section 3.2.1.2. Each 

cuvette containing 0 µg/g boron was used for the baseline correction for each method. 

The spectrum from these four methods are listed in Figure 10 below. 

 

 

    



 
 

33 
 

Table 1. Four methods of preparing cuvette solutions. 

 Method 1 Method 2 Method 3 Method 4 

Azomethine-H (µL) 500 500 375 500 

Buffer-masking (µL) 1000 500 750 500 

Boron standard solution (µL) 500 500 750 1000 

Total volume (µL) 2000 1500 1875 2000 

 

Figure 10. Absorbances from the four methods. Four lines in each spectrum are: 0 µg/g 

before baseline correction, 0 µg/g, 0.1 µg/g, and 0.6 µg/g after baseline correction. 

 
 

Method 1: 500 µL boron standard solution + 1000 µL buffer solution + 500 µL 

Azomethine-H solution to give 2000 µL 
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Method 2: 500 µL boron standard solution + 500 µL buffer solution + 500 µL 

Azomethine-H solution to give 1500 µL 

 
 

Method 3: 750 µL boron standard solution + 750 µL buffer solution + 375 µL 

Azomethine-H solution to give 1875 µL 
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Method 4: 1000 µL boron standard solution + 500 µL buffer solution + 500 µL 

Azomethine-H solution to give 2000 µL 

 

Figure 10 above shows the absorbance obtained from these four methods. From 

Figure 10, the sharp peaks at 384 nm were eliminated when either Method 3 or Method 

4 were used. Method 3 was chosen as the preferred method because its dilution factor 

during the cuvette solution preparation is lower than Method 4 and the [B] in cuvettes 

is easier to be controlled into the range of 0.1 – 3.6 µg/g as well as discussed in Section 

3.2.2.2.  

3.2.2.4 Precision and accuracy test on certified boron solution, 
10

B enriched solution, 

and SRM plant materials by Azomethine-H method  

Boron solutions and 
10

B enriched solutions were prepared by Method 3 as 

discussed in Section 3.2.1.3. The cuvettes containing boron standard solutions were 

analyzed by UV-Vis spectroscopy from lower [B] to higher first followed with five 

replicates of boron solutions as described in Section 3.2.1.3. The cuvette containing 
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1.9 µg/g boron was re-analyzed at the end again to confirm the Azomethine-H 

hydrolysis effect is insignificant. The cuvettes containing boron standard solutions 

were re-analyzed with cuvettes containing 
10

B enriched solutions to measure the [B] 

concentration in those 
10

B enriched solutions.  

Figure 11 below is a demonstration of the calibration curve used to determine 

[B] in the 5 replicates of boron solutions. The absorbance peak at 415 nm measured 

from the boron solution was calibrated into [B] in its cuvette solution through the 

calibration curve first, then the dilution factors were corrected for the determination of 

[B] in the boron solutions.  

Figure 11. Demonstration of an UV-Vis spectroscopy calibration curve used to 

determine [B] in boron solution in cuvettes. N =1.  
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Table 2 below concludes the [B] measurements in boron solutions compared 

with its certified [B] as well as the comparison between [B] measurements and the 

expected [B] in the 
10

B enriched solutions.  

Table 2. Comparison between [B] measurements by Azomethine-H method and the 

expected [B] in boron solution and 
10

B enriched solutions. Mean ± SD, n = 5. 

Certified [B] in boron 

solution 

Measured [B] in boron 

solution 

Relative error % 

5.0 ± 0.1 µg/g 5.0 ± 0.2 µg/g 0.0 

Expected [B] in 
10

B 

enriched solution 

Measured [B] in 
10

B 

enriched solution 

Relative error % 

5.2 ± 0.2 µg/g 5.5 ± 0.4 µg/g 5.8 

 Table 2 above demonstrates the good accuracy and precision of the UV-Vis 

spectroscopy on measuring [B] that also indicates the effect from Azomethine-H 

hydrolysis is not significant for analyzing five samples. Additionally, Table 2 also 

confirms the UV-Vis spectroscopy can measure [B] in 
10

B enriched solutions as well. 

 UV-Vis spectroscopy was also used to measure [B] in the SRM plant materials 

as described in Section 3.2.1.4. The [B] measured by UV-Vis spectroscopy and 

certified [B] are concluded and compared by the relative error % in Table 3 below.  
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Table 3. Certified [B] in SRM powders and the [B] measured by the Azomethine-H 

method. Mean ± SD, n = 3. 

Samples B (µg/g) Certified values
[54]

 Relative error 

NIST 1570 27.4 ± 0.1 28 ± 1.3 -2.1% 

NIST 1572 60.9 ± 2.8 62 ± 5 -2.3% 

NIST 1575 15.6 ± 0.1 17 ± 2 -8.2% 

Table 3 demonstrates the good accuracy and precision of UV-Vis spectroscopy 

on measuring [B] in plant materials by the relative error within ± 20%.
[55]

 So, the plant 

material can be dry ashed and digested by 1 N HCl as the method of its preparation. 

Then the UV-Vis spectroscopy with Azomethine-H method described in Section 

3.2.1.4 can be used for its [B] measurements.  

3.2.3 Conclusions of Azomethine-H method 

UV-Vis spectroscopy with Azomethine-H method is a feasible and reliable 

method that investigators use for boron concentration determination. It can measure [B] 

in solutions accurately and precisely. The preparation of cuvette solution prepared by 

Azomethine-H solution, buffer-masking solution, and boron standard solution may 

need to be tuned based on each different lab system’s condition. The hydrolysis effect 

from Azomethine-H solution on [B] measurements is insignificant for analyzing five 

samples. Also, as expected, Azomethine-H method can analyze [B] accurately in the 

10
B enriched solutions without considering the different boron isotopic ratio. 

This section demonstrates UV-Vis spectroscopy with Azomethine-H method can 

analyze [B] in plant tissues accurately and precisely with use of dry ashing process on 
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digesting the plant tissue. As discussed previously, it can analyze [B] without 

considering the boron isotopic ratio that indicates any form of boron fractionation in 

plants will not affect the accuracy of its [B] measurements. However, by using the 

Azomethine-H method for boron analysis, there must be 1 g samples collected because 

1). after dry ashing and cuvette solution preparation, the [B] in the cuvette solution has 

to be high enough to be detected, 2). significant boron lost from transferring digestion 

from crucibles to centrifuge tubes is concerned if less sample digested by less HCl is 

used. However, 1 g requires a large amount of plant samples to be collected that means 

the UV-Vis spectroscopy with Azomethine-H method can only be used for [B] 

measurements in a large bulk of plant samples.  

As ICP-MS becomes popular recently on boron analysis, it is used by more 

investigators to study boron in plants because of its low LOD on ng/g level as well as 

its capability for multi-elements analysis. Unlike UV-Vis spectroscopy with 

Azomethine-H method, ICP-MS analysis on boron requires less sample amount than 1 

g due to its low LOD on ng/g level. Therefore, ICP-MS has potential to study boron 

distribution in plants by collecting much less sample. The boron study by ICP-MS is 

described and discussed in Section 3.3 below. 
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3.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

3.3.1 Materials and methods 

3.3.1.1 Materials 

 

Boron standard stock solution (High-Purity Standards, 1000 µg/mL in H2O), Be 

and Sc standard stock solution (High-Purity Standards, 1000 µg/mL in 2% HNO3), ICP-

MS Calibration Standard-Modified (High-Purity Standards, 10 µg/mL in 2% HNO3 +Tr 

HF), Microwave laboratory system and rotor with 12 vessels (Milestone), Standard 

Reference Materials (SRM) 1570, 1571, 1572, 1573 and 1575 (National Bureau of 

Standards), lyophilizer (Labconco) were used as received.   

ICP-MS: two versions of ICP-MS were used in this research: Axiom High 

resolution ICP-SFMS (Thermo Scientific) and NexION 300 ICP-QMS (PerkinElmer). 

The instrumental functioning and their features are discussed in Section 2.3.  

3.3.1.2 General procedure of sample preparation for ICP-MS analysis 

 ICP-MS is used to analyze liquid samples on ng/g level, so all the solid   samples 

must be digested. Microwave digestion is used in this research because (1) the 

enclosed microwave system can prevent the sample loss during the digestion process, 

(2) the high pressure and temperature in the microwave system can completely digest 

the solid samples into liquid by using the concentrated acid. Typically, concentrated 

HNO3, HClO4, and HF are used for the digestions. But because HF can damage the 

vessels and HClO4 could cause an explosion, concentrated HNO3 was used for the 

microwave digestion in this project.   



 
 

41 
 

Procedure of the microwave digestion followed by a dilution: 1). each 0.1 – 0.2 g 

sample was transferred into each tared vessel on a balance to record the exact mass, 2). 

2 mL concentrated HNO3 was pipeted into each vessel, 3). The vessels are put in an 

enclosed microwave system and digested in 140 ̊C for 10 min followed by 190 ̊C for 

25 min. 4). Each digestion was transferred into a 50 mL centrifuge tube, then each 

vessel was rinsed with D.I. water and transferred into centrifuge tube. This rinse was 

repeated one or two times. Then, the tube was brought up to 50 mL by D.I. water. The 

mass of dilution can be calculated by the total mass of digestion in 50 mL tube minus 

the mass of the empty 50 mL tube that was weighed by a balance. The dilution in step 

(4) above needs to be performed because: 1). Boron left on vessels needs to be rinsed 

and collected into tubes to prevent boron loss. 2). If there is a contamination, this 

dilution procedure may reduce its effect by diluting the contamination concentrations 

down under the LOD. 3). The expected boron concentration in solutions is better to be 

controlled under 100 ng/g by dilution to avoid the switch between dynode and analog 

detectors in ICP-MS and to avoid the potential error from this switch. A 10 mL aliquot 

of each sample solution was transferred into tared 15 mL centrifuge tubes on a 

balance. A centrifuge tube stand holder was used to keep the centrifuge tube standing 

up on the balance.  

 An internal standard was used to correct the variation of the instrumental 

conditions during the ICP-MS analysis. The internal standard used should have the 

similar first ionization energy to the analyzed elements, should contain the element 

that the samples don’t have, and it shouldn’t have any interference spectral that affects 

boron intensity throughout the analysis. So, the solution that contains 2 µg/g Be/Sc is 
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used as the internal standard because typically plants don’t have Be and Sc. To prepare 

the 2 µg/g Be/Sc internal standard solution, a 10 µg/g Be/Sc solution was prepared 

from diluting certified 1000 µg/g Be and Sc stock solutions with 2% HNO3 first, then 

the internal standard that has 2 µg/g Be/Sc was prepared from diluting the 10 µg/g 

Be/Sc solution with 2% HNO3. 100 µL 2 µg/g internal standard solution was added 

into each sample solution in the 15 mL centrifuge tube on a balance. Zero point 

standards were prepared by adding 100 µL 2 µg/g internal standard in a centrifuge tube 

followed by filling 2% HNO3 to 10 mL scale. The entire procedure was done on a 

balance used to record the mass. The zero point standards were prepared in order to 

correct the instrumental background change through the ICP-MS analysis. In addition, 

the calibration standards from 10 ng/g to 100 ng/g were prepared from diluting a 

commercial ICP-MS calibration solution with 2% HNO3 with 100 µL internal standard 

added. During the ICP-MS analysis, the sample that has lower expected boron was 

analyzed first followed by the sample that has higher expected boron. The calibration 

standards were analyzed at last to generate the calibration curve based on boron signal 

as a function of boron concentration that can calibrate from boron signal to boron 

concentration in sample solutions. Finally, the boron concentration in solid sample can 

be calculated from the boron concentration in sample solution based on all recorded 

weights.   

3.3.1.3 Accuracy and precision evaluations of ICP-MS with the microwave digestion 

method by using SRM plant samples.   

 The accuracy and precision of ICP-MS technique (both ICP-SFMS and ICP-

QMS) with the microwave digestion and dilution as the sample preparation method 
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were validated by plant SRM samples that have certified boron concentration. ICP-

SFMS was initially used in this research because of its higher mass resolution. SRM 

1570, SRM 1571, SRM 1572, and SRM 1573 were used to test the accuracy, and three 

replicates of SRM 1575 were used to test the accuracy as well as the precision of ICP-

SFMS. To prepare the SRM samples for validating ICP-SFMS, 0.1 – 0.2 g SRM 

sample was transferred into each vessel for the microwave digestion and dilution as 

described in Section 3.3.1.2. The digested SRM samples, zero point standards and 

calibration standards were analyzed by ICP-SFMS.  

Because ICP-QMS has lower mass resolution comparing to ICP-SFMS, but it is 

much easier to use. However, before using ICP-QMS to analyze boron in plants, its 

accuracy and precision need to be re-evaluated by using SRM samples since it is 

concerned that if the mass resolution of ICP-QMS is high enough to discriminate 
12

C 

signals and 
11

B signals.
[56]

 Standard mode of ICP-QMS was used at first because it has 

highest sensitivity. Three replicates of 0.1 – 0.2 g SRM 1570, 1572, and 1575 were 

used for the evaluation of accuracy and precision of ICP-QMS. The sample 

preparation method is the same as described in Section 3.3.1.2. 

3.3.1.4 Boron analysis in different regions of maize leaves by using ICP-SFMS

 Boron concentrations in different regions of maize leaves were analyzed by ICP-

SFMS so that a general idea on boron concentration in different regions of maize 

leaves can be obtained. For the sample preparation of maize leaves, maize plants were 

grown in the greenhouse at the University of Missouri, then #14 leaf grown out from 

the bottom of each plant was collected and the chlorosis regions of leaves were 
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trimmed off. Each of the remaining leaf was cut into 7 pieces:  Bottom Left (BL), 

Bottom Right (BR), Bottom Central (BC), Middle Left (ML), Middle Right (MR), 

Middle Central (MC), and Tip (T) regions. After being lyophilized for two days, each 

region of the maize leaf was ground into a powder. 3 leaves were prepared in the same 

way as 3 replicates. Then 0.1 – 0.2 g of each powder was digested, diluted and 

analyzed by ICP-SFMS in the way described in Section 3.3.1.2.  

3.3.2   Results and discussion 

3.3.2.1 Accuracy and precision evaluation of ICP-SFMS with microwave digestion 

method 

 SRM plants powders prepared as described in Section 3.3.1.3 were analyzed by 

ICP-SFMS. The parameters of ICP-SFMS used for the ICP-SFMS analysis are 

concluded in Table 4 below.  
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Table 4. VG Axiom ICP-SFMS parameters 

Conditions VG Axiom ICP-SFMS 

ICP RF Power (W) 1400 

Plasma Gas Flow (L min
-1

) 14 

Auxiliary Gas Flow (L min
-1

) 1.2 

Nebulizer Gas Flow (L min
-1

) 1.36 

Sampler/Skimmer cone Nickel/Nickel 

Spray Chamber Jacketed cyclonic spray chamber 

Nebulizer Micro-Flow PFA (100µL min
-1

) 

Dwell Time (ms) 10 

Resolution 6000 

Detector Continuous dynode electron multiplier 

Washout times (s) 60 

  The boron concentrations in SRM plant samples analyzed by ICP-SFMS are 

concluded in Table 5 below. The accuracy and precision of ICP-SFMS with 

microwave digestion method is evaluated in Table 5 below by comparing the measured 

[B] with certified [B] in SRM samples by relative error. 
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Table 5. ICP-SFMS analysis of [B] in SRM certified samples. Mean ± SD, n = 3. 

 Certified [B], 

µg/g
[54]

 

[B] measured by ICP-

MS, µg/g 

Relative error % 

SRM 1570  28.0 ± 1.3 27.1 - 3.2 

SRM 1571                   32.7 ± 2.7 30.5 - 6.7 

SRM 1572  62 ± 5 64.0 3.2 

SRM 1573                   35.0 ± 3 35.2 0.5 

SRM 1575 17 ± 2 14.9 ± 0.4 - 12.4 

 

From Table 5, [B] in SRM samples analyzed by ICP-SFMS are close to their 

certified [B] because their relative errors are in the range of ± 20%, which indicates the 

accuracy is good.
[55]

 The RSD% of 3 replicates of SRM 1570 is small, only 2.9% that 

indicates the precision is good as well. Therefore, Table 5 demonstrates [B] 

measurement in plants by ICP-SFMS with microwave digestion method is accurate 

and precise.  

3.3.2.2 [B] measurement in different regions of maize leaves by ICP-SFMS  

[B] in different regions of maize leaves prepared as described in Section 3.3.1.4 

were measured by ICP-SFMS and their results are concluded in Figure 12 below. 
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Figure 12. [B], µg/g, in different regions of maize leaves measured by ICP-SFMS. Mean 

± SD, n = 3 

 

 Results in Figure 12 above indicate that as boron transports upto the tip and to 

the edge of leaves, boron concentration dramatically increases. These can be explained 

by the plants transpiration that drives boron from bottom region to tip and edge regions 

of maize leaves. As Figure 12 shows, standard deviation in the BC and MC regions of 

maize leaves are small but in other regions are large. This is due to the biological 

variance because the rate of boron transport in each plant is different that causes boron 

accumulated in tip and edge regions of each plant is different as well.  

3.3.2.3 Accuracy and precision evaluation of ICP-QMS  

Section 3.3.2.1 demonstrates the good accuracy and precision of boron analysis 

in plants by ICP-SFMS with microwave digestion. Comparing to ICP-SFMS, ICP-

QMS has its advantages and disadvantages as discussed in Section 2.3. ICP-SFMS is 
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an appropriate generation of ICP-MS to start because of its high mass resolution that 

can reduce the potential interferences from other ions that have similar m/z ratio to 

boron, however ICP-QMS is a better version to be used routinely if its mass resolution 

is high enough for the boron analysis because 1). the parameters of ICP-SFMS have to 

be tuned manually to optimize its sensitivity, but the smart tune function in ICP-QMS 

can tune its parameters by itself in much quicker processes. 2). in ICP-SFMS, sample 

loading has to be done manually that means the performer has to be present during the 

entire analysis to keep loading and unloading samples, however ICP-QMS has 

automatic sample loading system that doesn’t require anyone to present once the 

samples are set up. But the accuracy and precision of ICP-QMS has to be re-evaluated 

by SRM plant samples as described in Section 3.3.1.3 due to its lower mass resolution 

comparing to ICP-SFMS. The certified and measured [B] are concluded and compared 

by the relative error in Table 6 below.  

Table 6. ICP-QMS analysis of [B] in SRM certified samples 

 Certified [B], 

µg/g
[54]

 

[B] measured by ICP-MS, 

µg/g, Mean ± SD, n = 3 

Relative error % 

SRM 1570  28.0 ± 1.3 27.2 ± 0.4 - 2.9 % 

SRM 1572  62 ± 5 63.3 ± 0.6 2.1 % 

SRM 1575  17 ± 2 16.6 ± 0.1 - 2.4 % 

From Table 6, [B] in SRM samples analyzed by ICP-QMS match with their 

certified [B] because their relative errors are in the range of ± 20%, which indicates the 

accuracy is good.
[55]

 The standard deviation of each SRM sample is small as well that 

indicates the good precision as well. Therefore, ICP-QMS can measure [B] in plants 
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accurately and precisely as well with microwave digestion. Additionally, because 

calibration curve of ICP-QMS that were used to measure [B] in SRM plant samples 

was generated based on 
11

B signals as a function of total boron concentration in 

calibration standards, but the good accuracy of boron measurement in plants can still 

be obtained from this calibration curve, which demonstrates 
10

B and 
11

B fractionation 

in plants is close to the natural abundance ratio. A literature that studies 
10

B and 
11

B 

fractionation in a variety of plant samples also agrees with our conclusion by showing 

their 
11

B variations (δ
11

B%) to the natural abundance ratio within ± 5%.
[56]

  

Therefore, ICP-MS, both ICP-SFMS and ICP-QMS generations, is a good 

method to analyze boron in plants accurately and precisely. Since ICP-QMS is easier 

to use because of its smart tune function and automatic sample introduction system, 

ICP-QMS is better to be used routinely. 

3.4 Comparison between UV-Vis spectroscopy and ICP-QMS   

UV-Vis spectroscopy with Azomethine-H method and ICP-MS are two very 

popular techniques that investigators currently use to study boron in various areas in 

nowadays because of their great advantages such as high sensitivity, low LOD, easy 

performance, and so on. Figure 13 below shows these two techniques’ [B] 

measurement in SRM plant materials with their certified [B] values as well. 

 

 

 



 
 

50 
 

Figure 13. [B] in SRM plant materials compared by their certified values, Azomethine-H 

method measurement, ICP-MS measurement. Mean ± SD, n = 3. 

 

Figure 13 above shows the [B] measurements in plant materials are accurate and 

precise by using Azomethine-H method with dry ashing method and by using ICP-

QMS with microwave digestion method. However, between these two techniques, each 

of them has advantages and disadvantages comparing to each other. Azomethine-H 

method is used conventionally to analyze boron in various areas because it is much 

cheaper to purchase and its maintenance cost is much lower compared to ICP-MS. 

Azomethine-H method takes shorter time to perform and its data interpretation is much 

easier than ICP-MS. Therefore, if both Azomethine-H method and ICP-MS can be 

used for [B] measurements, Azomethine-H method is preferred. Additionally, 

Azomethine-H method can analyze [B] in 
10

B enriched solutions accurately and 

precisely simply by using natural boron standard solutions as the calibration standards.  

However, Azomethine-H method also has some disadvantages comparing to 

ICP-MS. Azomethine-H method can only analyze samples on µg/g level. As discussed 

0

10

20

30

40

50

60

70

80

[B
] 

in
 S

R
M

 p
o
w

d
er

s,
 µ

g
/g

 

SRM 1570       SRM 1572       SRM 1575            

Certified

UV/Vis spectroscopy

ICP-QMS



 
 

51 
 

in Section 3.2.3, 1 g of plant samples need to be collected so that Azomethine-H 

method can still analyze boron after its sample preparation. But 1 g requires a large 

amount of plant materials that limits the use of Azomethine-H method.  

Comparing to Azomethine-H method, ICP-MS can analyze boron on ng/g level 

which is much lower. Because of it, the amount of sample collected for ICP-MS 

analysis can be much lower, only 0.1 g sample is enough Because of this smaller 

sample collection amount, ICP-MS can be used to analyze [B] in different regions of 

maize leaves that Azomethine-H can’t do as described in Section 3.3.2.2.  Because it is 

not feasible to collect 1 g sample every time in our research for the boron analysis, 

ICP-QMS is used in this research for the [B] measurement in bulk samples. 

3.5 Conclusion  

In conclusion, between these two popular techniques that investigators use to 

study boron, Azomethine-H method is easier to perform both the experimental part and 

its data interpretation, additionally Azomethine-H method can analyze [B] in 
10

B 

enriched samples by using natural boron standard solutions without additional steps. 

However, ICP-MS is a more popular technique currently because it can do multi-

elements analysis besides boron and also because the sample collection amount 

required for ICP-MS analysis is smaller than Azomethine-H because ICP-MS can 

analyze boron on ng/g level. Because of it, ICP-MS is used in this research for the bulk 

analysis. Because ICP-QMS is easier to perform than ICP-SFMS and ICP-QMS mass 

resolution is high enough to analyze boron, ICP-QMS was selected instead of ICP-

SFMS for the bulk analysis of boron. 
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However, both of these two techniques have common drawbacks. Samples 

must be digested into solutions before being analyzed by either of these two techniques 

no matter it is dry ashing or microwave digestion. Therefore, both of them are 

destructive methods to measure boron in bulk plant samples and none of them can 

analyze boron distribution and obtain boron imaging as well. To fill the void of these 

two techniques’ limitations, other techniques used for direct boron analysis in plants 

becomes necessary to use. LA-ICP-MS and QNCR have potential to be used as non-

destructive methods of measuring [B] by performing the boron quantitative and 

imaging analysis in plants. However, both of these two techniques are still under 

development regarding their own limitations. Chapter 4 below presents the work that 

was done on developing these two techniques to address their limitations so that LA-

ICP-MS and QNCR can be used as non-destructive methods to study boron 

distribution in plants.  ICP-QMS, as a validated technique demonstrated in this 

Chapter, is used to quantify boron in bulk samples.   
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4. Non-destructive methods of measuring boron in plants 

 4.1 Introduction 

 LA-ICP-MS and QNCR are the two techniques that investigators use to measure 

boron distribution analysis directly on solid samples. However, there are a number of 

challenges that have to be addressed so that they can be better used. LA-ICP-MS is the 

technique that combines laser ablation system to the ICP-QMS for the elemental 

analysis on solid samples. LA-ICP-MS can analyze boron in a specific spot by first 

ablating that spot by the laser. During the ablation procedure, the chemical bonds in the 

sample will be broken by the focused laser energy, as a result, the sample in the ablation 

spot becomes particles after being ablated, then the particles is swept by the carrier gas, 

Helium, into the ICP-QMS system at a constant rate for the analysis. LA-ICP-MS can 

study boron distribution by ablating a number of these spots spread over the sample. The 

detailed principle of LA-ICP-MS is discussed in Section 2.4. Preparing homogeneous 

calibration standards used for LA-ICP-MS is difficult because mixing solid sample 

completely is not as easy as mixing solutions. Also investigators mounted calibration 

standards with their samples together on one glass slide to minimize the instrumental 

variation between the standards and samples for their LA-ICP-MS analysis; however, 

once the sample is large, it is hard to be mounted with the standards on the same glass 

slide, then it becomes a challenge. For the boron imaging analysis, investigators have to 

use software to form the imaging by inputting their data.  The work that improves LA-

ICP-MS regarding the homogeneity of calibration standards as well as minimizing the 

instrumental variation between standards and samples were evaluated and discussed in 

Section 4.2. 
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 QNCR is another technique used for boron distribution and boron imaging 

analysis. Its principle is completely different from LA-ICP-MS as discussed in Section 

2.5. It uses the large neutron cross section of 
10

B to complete the neutron capture 

reaction by irradiating samples containing 
10

B by a thermal neutron beam, then alpha 

particles emitted from the neutron capture reaction is recorded by a detector in the form 

of alpha tracks so that the [B] distribution can be studied by calibrating the tracks 

number and the distribution of the recorded alpha tracks. QNCR also has some areas to 

be developed for the boron imaging analysis: 1) Calibration standards, like LA-ICP-MS, 

it is also challenging to prepare the homogeneous calibration standards in solid used for 

QNCR. As a result, most investigators use solution or blood for the QNCR calibration 

standards. Some investigators doped filter paper into different amount of boron standard 

solutions to prepare the calibration standards, but they stopped by obtaining the 

inhomogeneous boron distribution in the filter paper standards.
[45]

 Therefore, preparing 

suitable QNCR calibration standards used for solid samples is necessary. In our project, 

filter paper standards were prepared by applying boron standard solutions by 2 µL 

microcapillary tubes in order to slow the application speed on filter paper for receiving 

the homogeneous distribution. The homogeneity of filter paper standards was evaluated 

as well; 2) There is no SRM that can be used to test the accuracy of QNCR. Because of 

this, investigators either use the values given by other literatures or other techniques 

such as the colorimetric method to confirm the accuracy of QNCR. Therefore, SRM was 

prepared for evaluating the accuracy of QNCR. 3) QNCR has potential to visualize the 

image of boron distribution directly from samples based on recorded alpha tracks 

distribution. Some investigators have already obtained the visualization of alpha tracks 
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distribution by using optical microscopy, however, the dimension of the visualization is 

limited by the dimension of the microscope field view. The boron image from the entire 

sample could be obtained if there is an automated system that can detect alpha tracks by 

a series of adjacent microscope field views and combine them together. The work that 

improves the QNCR by addressing the challenges described above has been completed 

and their results are discussed in Section 4.3 and 4.4.   

4.2 LA-ICP-MS 

4.2.1 Materials and methods 

4.2.1.1 Materials 

 

10
B enriched boric acid powder (≥ 99 atom % 

10
B, Aldrich), 1000 µg/g boron 

stock solution (High-Purity Standards), SRM 610 trace elements in glass (National 

Bureau of Standards)  SRM 1575 pine needles leaves powder (National Bureau of 

Standards), boron free binder (Chemplex Industries INC), hydraulic press (Carver INC), 

mixer/mill (SPEX CertiPrep 8000D), methacrylate balls (SPEX CertiPrep), polystyrene 

vials (SPEX CertiPrep), lyophilizer (Labconco), VG Axiom ICP-SFMS (Thermo 

Scientific), Laser ablation system (the Analyte 193, Photon Machines Inc.) coupled to 

NexION 300 ICP-QMS (PerkinElmer), LA-ICP-MS glass slides (Ward’s Natural 

Science, 27 mm × 46 mm × 1.2 mm) were used as received.     

4.2.1.2 General procedure of LA-ICP-MS 

 After mounting the sample on glass slides in the sample holder, the sample 

holder was put into the laser chamber. Then the laser chamber was set on purge 

condition to purge the air out by a constant flowing carrier gas, Helium. The smart 

tune function of ICP-QMS was used to set up the ICP-QMS parameters that can 
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optimize the sensitivity by ablating SRM 610 in the laser chamber. Before ablating 

samples, ICP-QMS was run without laser ablation to make sure the LA-ICP-MS 

instrumental background is stable. The dehydrated and sliced maize tassels and fresh 

mint leaves were ablated as received by the laser in LA-ICP-MS to set up the 

parameters of the laser ablation system that can provide good signal to noise ratio 

peaks from ablating the plant tissues. The laser chamber condition was switched to 

bypass condition each time before the laser chamber was open to protect the plasma in 

ICP-QMS from being quenched out by the air pressure. Once the parameters are set up, 

calibration standards were mounted on the glass slides in the sample holder first to be 

ablated by LA-ICP-MS followed by samples. After the experiments were done, data 

were transferred to an Excel program that can integrate the peaks areas.  

4.2.1.3. Preparation of LA-ICP-MS calibration standards 

  SRM pellets were pressed from SRM 1575 powders doped with different boron 

standard solutions to generate LA-ICP-MS calibration standards for the boron analysis 

in plants. SRM 1575, pine needles powders were used because it has the lowest [B] 

comparing to other plant SRMs. To prepare the SRM calibration standards, each 0.75 g 

SRM 1575 sample was weighed in a tared vial on a balance. An additional two vials 

with SRM powders were treated in the same way as two replicates. The SRM powders 

in vials were prepared without spiking and spiking by 0.75 µL boron standard solution 

(10 µg/g, 20 µg/g, 30 µg/g, 40 µg/g, 50 µg/g, and 100 µg/g, D.I. water was used as 0 

µg/g solution) prepared from diluting 1000 µg/g boron stock solution with D.I. water. 

These samples are named by: SB 1 (SRM Sample Blank without spiking, replicate 1), 

SB 2 (SRM Sample Blank without spiking, replicate 2), 0.1 (SRM sample spiked by 0 
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µg/g  boron standard solution, replicate 1), 0.2, 10.1, 10.2, 20.2, 30.1, 30.2, 40.1, 40.2, 

50.1, 50.2, 100.1, and 100.2 (sample 20.1 was lost during its preparation). Then the 

samples were allowed to absorb the boron standard solutions for 96 hours, and they 

were dehydrated in a lyophilizer for 120 hours. Then a milling ball was put in each vial 

and each vial was mixed by a mill-mixer for 10 min. After that, 0.25 g binder was 

added into each vial and then they were mixed by the mill-mixer for another 10 min. 

Then, a portion of the mixture in each vial was pressed into pellets by a hydraulic press 

under 0.5 ton. Two Binder Blanks pellets (BB 1 and BB 2) were prepared in the same 

way to verify there is no boron in binders and there is no instrumental boron 

background generated when the laser ablates the samples. Therefore, BB 1, BB 2, SB 

1, SB 2, 0.1, 0.2, 10.1, 10.2, 20.2, 30.1, 30.2, 40.1, 40.2, 50.1, 50.2, 100.1, and 100.2 

pellets were prepared as the LA-ICP-MS calibration standards. The calibration 

standards were ablated to generate the calibration curve each time when the plasma in 

ICP-QMS is turned on in order to correct the different instrumental sensitivities in 

ICP-QMS.  

4.2.1.4. Maize leaves pellets prepared for evaluating accuracy of LA-ICP-MS 

analysis 

 Maize plants were planted and grown in a greenhouse of the University of 

Missouri. # 7 leaves grown out from the bottom of the plant were collected. Seven # 7 

maize leaves were collected, then for each leaf, the tip 10% and bottom 10% of the 

leaves were cut off. Each of the remaining leaf was divided into 5 regions, tip, tip 

middle, middle, middle bottom, and bottom. Each region from seven leaves was pulled 

together and ground into powders. 1 g powders mixtures were prepared from mixing 
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0.1 – 0.4 g leaves powders with binders as described in Section 4.2.1.3. Then the 

mixtures were divided into two batches, one was digested and analyzed by ICP-SFMS 

as described in Section 3.3, the other one was pressed into pellets with binders for the 

LA-ICP-MS analysis as described in Section 4.2.1.3. The whole procedure was 

repeated again by using another seven # 7 leaves for replicates that were analyzed by 

ICP-SFMS and LA-ICP-MS.  

4.2.2 Results and discussion 

4.2.2.1 Setting up laser ablation parameters in LA-ICP-MS  

 Maize tassels and mint leaves were ablated by the laser in LA-ICP-MS to set up 

the parameters in the laser ablation system that can provide good signal to noise ratio 

peaks from ablating these plant tissues. The laser ablation parameters set up from 

ablating maize tassel and mint leaves are concluded in Table 7 below. 
13

C is used as 

the internal standard since 
13

C is homogeneously distributed in plant’s leaves.
[35]

 The 

11
B and 

13
C peaks from maize tassel and mint leaves are shown in Figures 14 and 15 

below.  
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Table 7. Optimized parameters of LA-ICP-MS on analyzing plants. 

Repetition frequency                                                                               10 Hz 

Laser energy                                                                                             20% 

Laser beam diameter                                                                           30.0 microns 

Scan  speed                                                                                           5 microns/s 

Scanning length/line                                                                             40 microns 

Sweeps/reading                                                                                            2 

Reading/replicate                                                                                       375 

Replicate/measurement                                                                                1 

Pulse duration                                                                                             20 s 
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Figure 14. One of 
11

B and 
13

C spectrum from ablating maize tassels by LA-ICP-MS. 
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Figure 15. 
11

B and 
13

C spectrum from ablating the mint leaf by LA-ICP-MS. 

 

 

Figures 14 and 15 above show the 
11

B and 
13

C peaks from LA-ICP-MS. When 

LA-ICP-MS analysis was started, the ICP-QMS kept counting the intensity of 
11

B and 

13
C in count per second (cps), each counting is recorded as a data point. In Figures 14 

and 15, when the samples were ablated, the 
11

B and 
13

C in samples were introduced 

and analyzed by ICP-QMS that forms the starting point of the peaks. When each 

ablation was finished, the 
11

B and 
13

C intensities will drop down to the background 

which is the ending of the peaks. As shown in Figure 14 and 15 above, peaks with high 

signal to noise ratio can be integrated by using the Excel program easily and used as 

the signal of 
11

B and 
13

C.  
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Therefore, the parameters in Table 7 were used and peak area of 
11

B /
13

C (
11

B 

peak area/
13

C peak area) was used as the boron signal (internal standard corrected). 

The LA-ICP-MS calibration curve is generated based on the peak area of 
11

B /
13

C as a 

function of the total boron concentration. ICP-MS was used to determine the x-axis of 

the calibration curve, [B] in calibration standards. The calibration curve can be used to 

calibrate from peak area of 
11

B /
13

C obtained from LA-ICP-MS analysis to total [B] in 

sample as shown in Figure 16 below. Therefore, LA-ICP-MS can be used to study 

boron distribution in plants if the calibration curve can be generated properly.    

Figure 16. An example of calibration curve used to determine boron concentration on x-

axis 

 

4.2.2.2 Generating LA-ICP-MS calibration curve 

The calibration standards were prepared as described in Section 4.2.1.3 and the 

general procedures of LA-ICP-MS analysis are discussed in Section 4.2.1.2. Five 

ablation lines over each pellet were ablated and analyzed by LA-ICP-MS by using the 

parameters concluded in Table 7. Peak area of 
11

B/
13

C from each pellet was obtained 

by the Excel program and used as the y-axis of the calibration curve. 
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After that, three pieces as three replicates from pellets SB 1 and 30.2, and a piece 

from each of other pellets was cut down, digested and analyzed by ICP-SFMS as 

described in Section 3.3. The results are shown in Table 8 below.  

Table 8.  Boron quantitative analysis in each piece from each pellet.  

Mean ± SD, n = 2 Mean ± SD, n = 2 Mean ± SD, n = 3 

Pellets B (µg/g ) Pellets B (µg/g ) Pellets B (µg/g ) 

Binder Blank 0 Spiked by 30 µg/g  34.5 ± 1.2 SB 1 11.9 ± 0.3 

Spiked by 0 µg/g  11.7 ± 0.1 Spiked by 40 µg/g  42.0 ± 0.2 30.2 33.7 ± 1.2 

Spiked by 10 µg/g  18.8 ± 0.5 Spiked by 50 µg/g  50.1 ± 1.5   

Spiked by 20 µg/g  26.4 Spiked by 100 µg/g  89.1 ± 1.8   

In Table 8, the SD of the 3 replicates of SB1 and 30.2 as well as SD of 2 

replicates of other pellet samples are small that proves the boron concentration in each 

piece from the pellet can represent the whole pellet boron concentration. As a result, a 

calibration curve with the peak area of 
11

B/
13

C from LA-ICP-MS as a function of 

boron concentration in the pellets measured by ICP-SFMS was generated and shown in 

Figure 17 below.  
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Figure 17. LA-ICP-MS calibration curve. Mean ± SD, n = 2. 

 

From Figure 17 above, the calibration curve is linear due to its R
2 

= 0.9861 that 

indicates this calibration method could be used to measure [B] in plant samples by LA-

ICP-MS. The error bar through x-axis of the calibration curve is small that indicates 

the actual [B] in duplicates pellets are close. However, the error bars through y-axis in 

Figure 17 is larger that indicates boron may not be homogeneously distributed over the 

pellets’ surfaces. Therefore, these large error bars indicate the precision of LA-ICP-

MS still needs to be improved. 

 4.2.2.3 Comparison of ICP-SFMS and LA-ICP-MS analysis on maize leaves pellets 

 Most investigators mount their calibration standards and samples together to 

correct the potential instrumental variation in the analysis of the standards and samples. 

However, because maize leaf samples are large comparing to LA-ICP-MS glass slides, 

it is difficult to mount calibration standards and leaf samples on the same glass slide. 

Because this instrumental variation is concerned, some samples were prepared as 
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described in Section 4.2.1.4 and used to evaluate the accuracy and precision of LA-

ICP-MS performance.   

 From Section 4.2.2.2, the reason of the large error bars in Figure 17 is 

hypothesized to be boron inhomogeneous distribution over SRM pellets. In order to 

improve the precision, the scanning area needs to be increased so that more samples 

can be collected and analyzed in order to reduce this inhomogeneity. Therefore, in the 

LA-ICP-MS part of the experiment,  the laser spot size is increased to 110 microns, the 

ablation line is increased to 160 microns / line and the ablation speed is increased to 20 

microns /s. Additionally, the laser energy input is increased to 40% and the repetition 

rate is increased to 20 Hz. These changes were made in order to reduce the 

inhomogeneous effect and improve the precision of LA-ICP-MS by increasing the 

sample collection amount. The calibration curve with the new ablation method is 

shown in Figure 18 below. This calibration curve is used to determine [B] in 20.2 

pellet by LA-ICP-MS, then this [B] is compared with the [B] measured by ICP-SFMS 

by using relative error %. This comparison is concluded in the table below Figure 18 to 

evaluate the accuracy and precision of this LA-ICP-MS calibration curve.  
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Figure 18. LA-ICP-MS Calibration curve with new ablation method. Mean ± SD, n = 2.  

 

 [B] from ICP-

MS, µg/g 

[B] from LA-ICP-MS, 

µg/g . n = 5 

Relative error % 

Pellet 26.1 21.8 ± 4.2 - 16.5 

 Figure 18 shows the calibration curve with the new ablation method has much 

smaller error bars as well as the better r^2 that demonstrates increasing the sample 

collection amount can improve the precision of LA-ICP-MS. The table below Figure 

18 indicates the accuracy of the calibration curve is acceptable, but slightly 

underestimated. The ablation method is used to ablate maize leaves pellets. The [B] in 

the two batches of maize samples prepared as described in Section 4.2.1.4 were 

analyzed by LA-ICP-MS and ICP-SFMS are compared and concluded in Table 9. 
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Table 9. [B] in maize samples by ICP-SFMS and LA-ICP-MS. Mean ± SD, n = 2. 

Region of maize 

samples 

[B] by ICP-MS, 

µg/g 

[B] by LA-ICP-MS, 

µg/g 

Relative error % 

Base 9.7 ± 1.5 11.0 ± 1.1 13.4 

Middle base 15.2 ± 1.2 16.0 ± 2.8 5.2 

Middle 28.8 ± 2.0 20.2 ± 1.0 - 29.9 

Tip middle 54.2 ± 2.2 32.4 ± 7.8 - 40.2 

Tip 213.4 ± 53.0 108.0 ± 24.5 - 49.4 

  From Table 9, the results from base and middle base regions of maize leaves 

between LA-ICP-MS and ICP-MS are close, which indicates the LA-ICP-MS can 

analyze samples accurately and precisely. However, the boron measurements of 

middle, middle tip, and tip regions by LA-ICP-MS are underestimated comparing to 

the ICP-MS analysis.  

 The underestimation LA-ICP-MS measurements may be caused from 

inhomogeneity issue and/or instrumental variation. In Table 9, the large SD of ICP-MS 

and LA-ICP-MS analysis in the tip region of maize leaves indicates the inhomogeneity 

issue exists. Regarding this inhomogeneity issue, since boron transports from bottom 

to tip of the leaves and each plant may transport in different rates due to the biological 

variation, boron amount accumulated on the tip region of each plant could be very 

different. As a result, the SD of this region is large. However, the SD of leaves’ middle 

and middle tip regions by ICP-MS and LA-ICP-MS are not large, but LA-ICP-MS still 

underestimates. This underestimation may be because the laser energy absorbed by the 

calibration standards and samples are different, the potential inconsistency of the 
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instrumental condition, the procedure of sample change in the laser chamber and so on. 

As a result, LA-ICP-MS may not be accurate enough to study boron in maize until its 

underestimation is addressed in future.  

4.2.3 Summary of [B] in different regions of maize leaves analyzed by ICP-MS  

 The # 14 maize leaves analyzed by ICP-MS and # 7 leaves analyzed by ICP-MS 

are displayed in Figure 12 and Table 9 respectively with their discussion in Section 

3.3.2.2 and Section 4.2.2.3.  To better compare the boron analysis in these samples, 

their results are summarized in Table 10 below.   

Table 10. [B] in # 14 and # 7 maize leaves analyzed by ICP-MS 

Region of maize 

samples 

*[B] in #14 leaves 

analyzed by ICP-

MS, µg/g 

**[B] in #14 

leaves analyzed 

by ICP-MS, µg/g 

[B] in #7 leaves 

analyzed by ICP-

MS, µg/g 

 Mean ± SD, n = 3 Mean ± SD, n = 2 

Base 31.3 ± 13.2 14.1 ± 2.1 9.7 ± 1.5 

Middle base ----------------- 15.2 ± 1.2 

Middle 58.2 ± 15.2  17.8 ± 1.3  28.8 ± 2.0 

Tip middle -----------------  54.2 ± 2.2 

Tip 167.7 ± 41.8 167.7 ± 41.8 213.4 ± 53.0 

*BC, BL, and BR regions are combined into Base region, MC, ML, and MR regions are combined into 

Middle region 

**Leaves’ edge (BL, BR, ML, MR regions) are excluded  
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 From Table 10, the [B] in both # 14 and # 7 maize leaves increases from base to 

tip that indicates boron transports toward the tip regions of maize leaves. When boron 

transports nearby the tip region, the standard deviations become larger, possibly 

because of the biological variation between each individual plant. [B] in base and 

middle regions of # 14 leaves are higher than # 7 leaves mainly because of the high [B] 

in the edge of # 14 leaves that indicate more boron accumulated on the edge of the # 

14 leaves as they are much wider than # 7 leaves. After the edge of # 14 leaves are 

excluded, the [B] in the base and middle regions of # 14 and # 7 leaves are on the 

similar levels as shown in Table 10. However, ICP-MS is a destructive technique that 

can only analyze boron in bulk samples.   

LA-ICP-MS can analyze boron in solid samples, but it may not be accurate 

enough to study boron in maize until its underestimation is addressed in future. 

Another technique, QNCR, has potential to study boron distribution in plant samples 

as well. Because of its principle as previously discussed in Section 2.5, QNCR uses a 

completely different mechanism from mass spectrometry to process the boron 

quantitative and distribution analysis. By using QNCR, most LA-ICP-MS 

disadvantages could be avoided. In addition, QNCR has potential to do imaging 

analysis by obtaining the visual tracks distribution directly from the samples that could 

be correlated to [B] distribution. Therefore, the QNCR technique is worth applying to 

do boron distribution and imaging analysis on µg/g level rather than LA-ICP-MS. The 

work on performing preliminary analysis of QNCR is discussed in Sections 4.3 and the 

work on developing QNCR for boron analysis in plants is discussed in Section 4.4 

below. 
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4.3 Preliminary experiment of QNCR 

4.3.1 Materials and method 

4.3.1.1 Materials 

10
B enriched boric acid powder (≥ 99 atom % 

10
B, Aldrich), H3BO3 powder (≥ 

99.5%, Aldrich), 1000 µg/g boron stock solution (High-Purity Standards), hardened filter 

paper (Grade 50, Whatman™), 2 L microcapillary tubes (Sigma-Aldrich), CR 39 

detectors (Landauer), 3 point calibrated hydrometer (Fisher Scientific), SRM 1575 

powder (National Bureau of Standards), boron free binder (Chemplex Industries INC), 

soil (Promix), 0.1% iron sulfate and slow release fertilizer (DynaGreen), 0.2% Peter’s 20-

20-20 solution (Scott), lyophilizer (Labconco and Hetovac), mill and mixer (SPEX 

CertiPrep 8000D), hydraulic press (Carver INC), methacrylate balls (SPEX CertiPrep), 

polystyrene vials (SPEX CertiPrep), cell counter (ImageJ), SWX-238 Flexi-Boron sheet 

(Shieldwerx™), and Gamma Ray Spectrometry (Gamma Products INC) were used as 

received. TASLIMAGE™ system and University of Missouri Research Reactor (MURR) 

are used in Section 4.3 and 4.4, and their detailed information is described below. 

University of Missouri Research Reactor (MURR):
[60]

 The MURR is a 10 MW, 

light water moderated research reactor with a variety of neutron irradiation positions. 

Beamport E is a 15.24 cm diameter beam tube that extends radially from the beryllium 

reflector and ends at the biological shield. This beam was fitted with single crystal silicon 

and bismuth crystal filters operated at room temperature to remove fast neutrons and 

reactor gamma rays.
[61]

 The thermal neutron flux in the irradiation position is 8.8 × 10
8
 

n·cm
-2

·s
-1

 with a Cd ratio of 132.  This beam was used to irradiate samples and SSNTDs.   
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A  TASLIMAGE™ system with a closed etching bath (Clifton, NE4-28D model) 

and track reader was used to analyze etched particle tracks on SSNTD TASTRAK™ CR-

39 plastic detectors (Radiation Detection Company, Georgetown TX). Some information 

on the principles of this system and the CR-39 plastic detectors response can be found.
[62], 

[63]
   

4.3.1.2 Initial evaluation on the feasibility of QNCR technique on boron analysis 

 

 5, 10, 30, 50, 100, 150, 200, 250, 300, 350, 400 µg/g 
10

B standard aqueous 

solutions were prepared from diluting 1000 µg/g 
10

B aqueous solution with D.I. water. 

D.I. water was used as 0 µg/g 
10

B standard solution. To prepare the 1000 µg/g 
10

B 

aqueous solution, 0.23 g 
10

B enriched boric acid powder was put in a centrifuge tube 

standing in a small beaker (tared) on a balance, then D.I. water was filled into the 

centrifuge tube to 40 mL scale and the mass on balance was recorded as well. The 

actual [
10

B] in these standard solutions can be calculated from the mass recorded above. 

Three columns with eight 2 cm × 1 cm grids in each column were drawn on two pieces 

of filter paper. Three 2 cm × 1 cm grids were spiked by three 2 µL of each standard 

solution by using the 2 µL capillaries as three replicates (2 µL on each grid). Each strip 

that contains 8 pieces of 2 cm × 1 cm Landauer CR-39 detectors was attached on the 

filter paper by scotch tape. This assembly is called “irradiation unit” that was irradiated 

by the neutron beam for 1 minute. Then the detectors were taken off from the filter 

paper and etched by 7 M aqueous NaOH etching solution to visualize the tracks on 

detectors. The etching solution was heated to 65 ºC by the hot plate with a stirring bar 

and the detectors were put into the etching solution for 2 hours with the stirring bar 
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keep stirring. Then, the detectors were washed by D.I. water, dried, and observed 

under an optical microscope.   

4.3.1.3 General QNCR procedures with using the TASLIMAGE system 

 

10
B standard solutions, ranging from 0 µg/g to 400 µg/g 

10
B in H2O, were 

prepared from diluting aliquots of 1000 µg/g 
10

B stock solution prepared from dissolving 

H3
10

BO3 powder in 18.2 M-cm D.I. H2O. A group of 10 mm x 10 mm grids were drawn 

on hardened filter papers and three 2 µL aliquots, of each 
10

B standard solution were 

applied. Ten grids of filter paper blanks were left as 10 filter paper blanks. After the filter 

paper is dried, it was pressed and flattened for over 24 hours and then the “bottom side” 

of filter paper was attached on a CR-39 plastic detector by adhesive tape. This filter paper 

/ detector combination is called by an “irradiation unit” for the neutron irradiation 

purposes. Following the irradiations, the 10 mm x 10 mm grids marks from the filter 

paper were co-registered to the detector shown in Figure 19. The CR-39 detectors were 

suspended in a closed etching bath consisting of 6.25 N aqueous sodium hydroxide 

(NaOH) for 25 min at 98 ºC, as directed by Tracks Analysis System Ltd for visualizing 

alpha tracks. The 6.25 N sodium hydroxide at 98 ºC was checked by a three point 

calibrated hydrometer to measure a specific gravity of 1.181. After etching, the detectors 

were rinsed with D.I. water, followed by 2% aqueous acetic acid for neutralizing the 

sodium hydroxide residue on the detectors, and then rinsed again by D.I. water. After the 

detectors dried, the TASLIMAGE tracks reader was used to scan the detector and to 

count the number of tracks in the chosen scanning areas. The average, Standard 

Deviation (SD), and Relative Standard Deviation (RSD %) of tracks density (tracks/mm
2
) 

from filter paper were calculated.  
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Figure 19. Grids on the filter paper transferred to the detector 

 

4.3.1.4 Correlation between tracks density and [
10

B] by QNCR  

 

The irradiation units were prepared as described in Section 4.3.1.3 above, since an 

irradiation unit has two sides: filter paper and detector, its orientation facing to the 

neutron beam is first recorded. Initially, the beam was first passed through the filter 

paper, then the detector (Beam  filter paper  CR-39 detector). The unit was irradiated 

for 1 min. The filter paper was removed from the CR-39 detector and attached to a new 

CR-39 detector and then the irradiation was repeated. After detectors were etched as 

described in the section above, a 1 mm x 1 mm region in the central defined part of each 

grid was scanned by the TASLIMAGE tracks reader. The same experiment was repeated 

with a freshly prepared 
10

B stock solution about two months afterwards. This experiment 

was conducted to evaluate the response of the CR-39 detectors to different levels of 
10

B.  
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4.3.1.5 Tracks response of detectors at different 
10

B levels under different conditions 

 

A series of irradiations were conducted to evaluate the effects of irradiation time 

and the effects of irradiation unit orientation on tracks response to different 
10

B levels in 

filter paper.  

a. The filter paper standards prepared as described in Section 4.3.1.4 was attached 

on a detector and irradiated for 1 min with the unit orientation: beam  filter paper  

CR 39 detector  

b. The filter paper standards was removed from the CR 39 detector and attached 

to a new CR 39 detector for a 2 min irradiation with the unit orientation: beam  filter 

paper  CR 39 detector 

c. The process was repeated for a 5 min irradiation with the unit orientation: beam 

 filter paper  CR 39 detector  

d. The filter paper was attached to another detector for 1 min irradiation but with 

the CR 39 detector facing the beam as: Beam  CR 39 detector  filter paper 

All detectors were etched concurrently and the number of tracks in a 3 mm x 3 

mm region in the central defined part of each grid was analyzed by the TASLIMAGE 

tracks reader. These experiments were repeated a month later.   

4.3.1.6 Evaluation on potential boron lost during preparation of filter paper 

standards 

 

As the potential boron lost during the procedure when different boron standard 

solutions applied on filter paper may occur. The evaluation on this potential boron loss 
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was done by comparing the theoretical boron mass in the spiking solution and the actual 

boron mass applied on filter paper standards measured by ICP-QMS. The accuracy of 

ICP-QMS was validated as discussed in Section 3.3. To prepare the filter paper standards 

analyzed by ICP-QMS, a H3BO3 stock solution (1000 µg/g) was prepared by transferring 

boric acid powder to a 50 mL polypropylene centrifuge tube standing in a smaller beaker 

(tared) on a balance and diluted with 18.2 MΩ-cm D.I. water. 

 The boron standard solutions, ranging from 0 µg/g to 400 µg/g, were prepared 

from diluting the stock solution. Nine aliquots of each 0 – 50 µg/g, and three aliquots of 

each 100 – 400 µg/g boron standard solution were transferred onto a 35 mm x 35 mm 

hardened filter paper with 2 L microcapillary tubes. Triplicates of each boron applied 

filter paper were prepared. The 35 mm × 35 mm segments were transferred into PTFE 

vessels, microwave digested, prepared, and analyzed by ICP-QMS on standard mode 

with calibration standards in the way described in Section 3.3.1.2.  

4.3.1.7 Preliminary experiment investigating imaging maize leaves  

  

 To explore the boron distribution over maize leaves, wild type maize were grown 

in the greenhouse of the University of Missouri under long-day conditions at 25 °C as the 

average temperature. The maize seeds were planted and germinated in Promix soil with 

0.1% iron sulfate and slow release fertilizer (DynaGreen). Then 0.2% Peter’s 20-20-20 

solution (Scott) and 0.2% iron sulfate were used to treat the plants every week.
[64]

 

Because [B] in maize leaves could be low, down to 10 μg/g, it may not be able to obtain 

the visual tracks image, as a result, in order to verify the feasibility of TASLIMAGE 

system on obtaining tracks image from leaves, a positive control on preparing samples 
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was performed by using SWX-238 Flexi-Boron sheet containing high boron amount to 

boost the background tracks so that tracks image of leaf shape can be obtained by the 

TASLIMAGE system. Therefore, two of the # 2 maize leaves from bottom of plants were 

collected before they withered. The top 4 cm part of each leaf was cut and sandwiched by 

a CR-39 detector and a piece of SWX-238 Flexi-Boron sheet. The unit was irradiated for 

1 min with the detector facing to the beam (beam  CR 39 detector  maize leaves  

SWX-238 Flexi-Boron sheet). After irradiation, the detectors were etched as described in 

Section 4.3.1.3.  

4.3.2 Results and discussion 

4.3.2.1 Preliminary analysis of QNCR technique on the correlation of tracks number 

and boron level  

 

 The experimental procedure is described in Section 4.3.1.2. The tracks on the 

detectors can be observed under the optical microscope as shown in Figure 20 below. 

Figure 20 shows visually the tracks number increases as the 
10

B increases. Five images 

were captured from each replicate, then the tracks number in each image was counted 

manually by using ImageJ cell counter software, but the dim and tiny tracks were 

excluded as irregular tracks. The tracks number from each replicate is averaged from the 

tracks number in five images. And the tracks number in each 
10

B level filter paper 

standards is averaged from its triplicate. Correlation between tracks number and 
10

B 

concentration in the boron standard solution is plotted in Figure 21 below.  
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Figure 20. The tracks image on the detectors attached to filter paper applied by 0, 100, 

200, 300, and 400 µg/g 
10

B solutions. 

 

 
 

 

  

Figure 21. Correlation between tracks number in 200 µm × 200 µm area and [
10

B] in the 

spiking solution, n = 3.  
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 Figure 21 indicates the tracks number increases proportionally as the 
10

B 

increases. This conclusion demonstrates QNCR has potential to do boron quantitative 

analysis due to the linear correlation in Figure 21. However, as observed, at low boron 

concentration level, the error bars are large that indicates the precision below 150 µg/g  

concentration level in Figure 21 is not good because their error bars are large that are 

overlapped with each other on the y-axis. The large error bars could be caused from a 

number of factors such as the tracks left by non-
10

B particles as well as the personal bias 

on deciding which tracks are counted and which ones are excluded during the tracks 

counting procedure. 

4.3.2.2 TASLIMAGE system  

As mentioned previously, the QNCR technique is validated to be able to study 

boron from the tracks number because of the linear correlation between tracks number 

and 
10

B level shown in Figure 21. However, the large error bars at the low 

concentration level need to be addressed so that the precision can be improved. The 

large error bars may be due to the personal bias on tracks counting. When tiny and dim 

tracks were excluded as irregular tracks, there is no consistent standard to decide if a 

track should be counted or excluded that causes the tracks number counting may have 

strong personal bias. This strong bias could also be a reason why the precision is not 

good. Additionally, because each piece of the detector that was used in Section 4.3.1.2 

is 1 cm × 2 cm large and each image frame in Figure 20 is only about 200 microns × 

200 microns, it’s very hard to capture the exact adjacent images and combine them 

together to visualize the boron distribution over the entire sample sections through the 
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tracks distribution, especially when sample sections are larger than 1 cm × 2 cm, the 

size of the detector.  

As a result, TASLIMAGE system that includes 1.5 mm thick TASTRAK™ CR-

39 detectors, an enclosed etching bath, and a tracks reader was used to analyze etched 

tracks on the detectors. The enclosed etching bath is used because 1). the detector can 

be hung vertically in the bath so that the detector can be etched throughout. 2). since 

there is a controlled heater and stirrer inside of the bath, the temperature of the etching 

solution can be controlled on a constant temperature. 3). the bath is enclosed so that the 

change of the etching solution concentration and its temperature during etching 

procedure can be minimized. Besides the etching bath, the tracks reader has a number 

of advantages comparing to the microscope used in the traditional QNCR technique. 

First of all, the dimension of tracks distribution that can be studied is not only limited 

to the field view of the optical microscope used (200 microns × 200 microns), but it 

can scan from 1000 microns × 1000 microns to over 20,000 microns × 20,000 microns 

and conclude the tracks in the scanning regions automatically by the system. Also the 

region of interest (ROI) in the scanning region can be selected and the tracks in these 

ROIs can be analyzed and concluded that provides the potential on studying boron 

distribution through these ROIs. Secondly, the tracks are counted automatically by the 

system based on fixed set up parameters so that the personal bias can’t be involved. 

Additionally, it can scan tracks automatically that saves labor time and could do tracks 

analysis more effectively. Because of these reasons, the TASLIMAGE system was 

used to do the QNCR analysis. However, the TASLIMAGE system is designed for 

measuring the radioactivity on the dosimetry, not the boron distribution and imaging 
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analysis in plants. Therefore, its feasibility on studying boron in plants has to be 

evaluated and its use has to be developed toward studying boron in plants. 

4.3.2.3 Correlation between tracks density and [
10

B] by QNCR with using the 

TASLIMAGE system 

 

 The experiment described in Section 4.3.1.4 was conducted to evaluate the 

response of the CR-39 detectors to different levels of 
10

B with 1 min irradiation. The 

number of raw tracks in a 1 mm x 1 mm central region of each grid was recorded, and 

then the tracks density (tracks/mm
2
) of three replicates from each 

10
B level was averaged. 

The correlation between the tracks density and 
10

B concentration in the spiking solutions 

was plotted in Figure 22.  

Figure 22. The correlation between the average tracks density and [
10

B] in spiking 

solution. Mean ± SD, n = 3.  
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As expected, an increase in the number of tracks was observed with increasing 

10
B. Figure 22 is divided into 3 ranges as shown: “low concentration range” followed by 

“linear range” and then “plateau” in which the increase in the number of raw tracks 

appears to be less than the proportional increase anticipated. Low concentration range 

that the error bars overlapped with each other agrees with Figure 21, but the low 

concentration range as well as the error bars in Figure 22 is much smaller that indicates 

the precision is much improved by using TASLIMAGE system. The three ranges in 

Figure 22 agrees with some other publications,
[49], [50]

 explaining that the low 

concentration range is formed because of the effect from by the background tracks, and 

the plateau is because of the overlapping tracks that can not be detected and analyzed 

separately.   

In Figure 22, the linear regression line does not pass through the 0,0 intercept, 

which suggests there are background tracks resulting from processes other than 

the 10
B(n,α)

7
Li nuclear reaction. Because a thermal neutron beam having neutron flux of 

8.8 × 10
8
 n·cm

-2
·s

-1
 was used, even though 1% of this neutron beam is composed of fast 

and epithermal neutrons having higher energy, that is 8.8 × 10
6
 n·cm

-2
·s

-1
, which is still 

in higher flux compared to some neutron sources from 
252

Cf.
[43]

 It is hypothesized these 

background tracks are left by recoiled protons formed by the interaction between fast and 

epithermal neutrons in the neutron beam and the CR-39 detectors. To further evaluate it, 

scatterplots of tracks on the detector attached by the filter papers applied by one of the 0 

µg/g 10
B and one of the 100 µg/g 10

B applied solutions are displayed in Figure 23. From 

Figure 23, there are a significant number of tracks observed in the 0 µg/g scatterplot that 

are background tracks, and overall the size distribution of tracks is much smaller than 



 
 

82 
 

those arising from the 100 µg/g 10
B scatterplot. We thereby hypothesized elimination of 

tracks smaller than a specific size would result in reducing the tracks effect from non-
10

B 

atoms and thus improve the Limit of Detection (LOD). The number of tracks larger than 

6 µm increases dramatically in the 100 µg/g scatterplot as compared to the 0 µg/g 

scatterplot (Figure 23). Therefore, tracks on each detector attached by ten filter paper 

blanks were re-analyzed individually by eliminating tracks smaller than 4 µm, 5 µm, and 

6 µm. The tracks RSD % from the filter paper blanks was calculated and summarized in 

Table 11. Table 11 indicates that a 5 µm tracks elimination value shows a smaller RSD % 

that is repeatable. These results are consistent with the hypothesis that the tracks size 

elimination method could improve the LOD. After applying the tracks elimination 

method, the background correction was done by subtracting the remaining background 

tracks.  

Figure 23. Tracks size scatterplots generated by the TASLIMAGE system from a filter 

paper applied by 0 µg/g (left) and 100 µg/g (right) 
10

B standard solution. The X-axis is 

either major axis or projected length of tracks, which depends on if the tracks are 

shallow.  
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Table 11. RSD % of tracks on two detectors attached by filter paper blanks (n = 10) 

before and after application of 4 µm, 5 µm, and 6 µm tracks elimination method.  

 RSD % 

Size of cut-off Raw tracks 4 µm 5 µm 6 µm 

 Detector #1 26 22 12 22 

 Detector #2 20 16 12 21 

 

As a micronutrient element, 
10

B concentration (natural abundance corrected) in 

most plants is under 10 µg/g level.
[54]

 So, the low concentration range from Figure 22 are 

replotted with background correction and shown in the left panel of Figure 24. The LOD 

(3 × standard deviation method) before using tracks elimination method is 11.7 µg/g. 

After application of the 5 µm tracks elimination method described above, the LOD is 

reduced to 2.0 µg/g.  The right panel of Figure 24 also demonstrates this LOD 

improvement in the linearity. The improvement on LOD suggests this tracks elimination 

method is helpful to improve the LOD if necessary, and the 5 µm tracks elimination was 

used in the subsequent analysis of this section.   
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Figure 24. The background corrected tracks density (tracks/mm
2
) as a function of [

10
B] 

before (left) and after applying 5 µm tracks elimination method (right) at low 

concentration range. Mean ± SD, n = 3.  

  

To test the repeatability of the entire process, the tracks density arising from the 

same filter paper standards attached on a different detector was compared. A correlation 

function of y = 0.9997x + 1 with a linear regression with R
2
 = 0.9991 was found (data not 

shown). The detection limit was improved from 13.0 µg/g to 1.9 µg/g by using the tracks 

elimination method. The results demonstrate the repeatability of the QNCR technique as 

well as the tracks elimination method used to reduce tracks irrelevant to the 
10

B(n,α)
7
Li 

nuclear reaction.  

Based on these results, additional experiments were conducted to focus on 

procedural aspects of data acquisition, such as the length of irradiation and the orientation 

of irradiation unit to the neutron beam as described in Section 4.3.1.5.  The correlation 

between tracks density and 
10

B concentration in spiking solutions were plotted in Figure 

25.  
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Figure 25. Correlation between tracks density and 
10

B concentration in spiking solutions 

from different irradiation lengths and irradiation unit orientation. Mean ± SD, n=3. Left: 

The entire range Right: Range with plateau excluded. 
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5 min irradiation, beam  filter paper  CR 39 detector 

 

1 min irradiation, beam  CR 39 detector  filter paper 
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From Figure 25, as the irradiation time increases, the sensitivity (slope of the 

linear correlation equation in Figure 25) increases because the higher neutron fluence 

reacts with more boron. Also, as neutron irradiation time increases, the tracks density 

increases faster as 
10

B increases that indicates the tracks density will reach to the plateau 

in a shorter concentration range. For an irradiation unit, comparing data derived from the 

filter paper side facing the beam versus the detector side facing the beam, tracks density 

from the latter orientation reaches to the plateau slower with a lower sensitivity because 

the detector itself could attenuate a portion of neutrons that reduces the neutron flux 

passing through the filter paper standards. Conclusion from Figure 25 is reproducible 

from the repeated experiment. The correlation between the tracks density and different 

10
B levels is validated and this correlation indicates that filter paper applied by 

10
B 

standard solutions can be used as the calibration standards to study boron in plants. 

However, the potential boron lost when boron standard solutions were applied on the 

filter paper is concerned which is evaluated and discussed in Section 4.3.2.4 below.  

4.3.2.4 Evaluation on potential boron loss during filter paper standards preparation 

procedure 

 

The experiment on evaluating the potential boron loss during the filter paper 

standards preparation procedure is described in Section 4.3.1.6. The theoretical mass of 

boron in applied boron solutions and the boron mass actually applied on filter paper 

measured by ICP-QMS are compared. The theoretical mass of boron in the applied boron 

standard solution can be calculated as boron mass (µg) = boron concentration (µg/g) × 

density (g/µL) × volume (µL). Boron concentration in the boron standard solution 

diluting from the boron certified stock solution can be calculated.  The density of the 
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solution is assumed to be the same to water’s density, 0.001 g/µL. Therefore, correlation 

between the theoretical mass of boron in applied solution and the mass of boron spiked 

on the filter paper is evaluated by the correlation equation and linear regression as shown 

in Figure 26. Figure 26 demonstrates 91.5% boron was applied on the filter paper that 

indicates there is no significant boron loss during the filter paper standards preparation 

procedure. Then the mass of boron applied on filter paper can be converted into the boron 

concentration in filter paper as it is divided by the mass of the filter paper spiking spot. 

The mass of filter paper spiking spot can be calculated as the filter paper’s basis weight, 

9.7 × 10
-5

 g/mm
2
, provided by the manufacturer, × the area of filter paper spiking spot 

(mm
2
) that will be discussed in Section 4.4.2.1.   

Figure 26. Correlation between the mass of boron in boron standard solution and boron 

mass applied on filter paper standards measured by ICP-QMS. Mean ± SD, n = 3. 
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4.3.2.5 Preliminary experiment on tracks distribution in maize leaves  

 

  Preliminary experiment on obtaining tracks image from maize leaves by a 

positive control sample was prepared as described in Section 4.3.1.7. For the detectors 

after being etched, 17 mm x 47 mm areas which contain the entire leaf sections were 

scanned by the TASLIMAGE track reader. Then 5 microns tracks elimination method 

was applied. Figure 27 below shows the tracks image of a leaf between raw tracks and 

applying 5 microns tracks elimination method.  

Figure 27. Left: raw tracks distribution on the detector attached by maize leaf. Right: 

tracks distribution with 5 µm cut off method applied on the detector. 

 

 
 

 

As it can be observed from Figure 27 above, it will provide a better visual contrast 

after applying 5 microns tracks elimination method. Also, it can be seen that the right 

side has much denser tracks than the left side. This might be due to the way that 

TASLIMAGE system shows on the screen. The real tracks density recorded is not as 

different as the images show because tracks number in 3 mm × 3 mm region selected on 

the edge of the right side is only ~ 10% higher than the edge of the left side. 
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Figure 28. Left: maize leaf sandwiched by the detector and black sheet. Right: tracks 

distribution on the detector.  

 

 Figure 28 left and right shows that the leaf’s shape formed by tracks distribution 

is the same to its real leaf’s shape. By showing the visual tracks imaging in Figure 28 

right, not only the sample correlation issue between sample and sample’s position on the 

detector can be elucidated, but the tracks imaging can also be shown visually from 

TASLIMAGE system. However, the high boron amount Flexi-Boron sheet may 

contribute extra tracks on the detector. As a result, the tracks images from leaves needs to 

be obtained without boosting the background and [B] distribution in leaves needs to be 

analyzed from the tracks image as well. The work towards these goals are described and 

discussed in Section 4.4. 

4.3.3 Conclusion of preliminary QNCR experiments 

 

From the preliminary QNCR experiment in this section, the correlation between 

tracks density and [
10

B] level is validated as well as the effect from different irradiation 

length and irradiation unit orientation. The insignificant boron lost during the filter paper 

standard preparation procedure is also evaluated. Additionally, a preliminary experiment 

on obtaining tracks image from maize leaves is performed by using the positive control 



 
 

91 
 

samples with TASLIMAGE system. Therefore, applying different boron standard 

solutions on filter paper could be used as the calibration standards for boron analysis in 

plants by QNCR. Also the tracks image as well as [B] distribution in plants could also be 

obtained.  

However, for the boron quantitative analysis in plants, some details of the 

calibration method from this section need to be improved: (1). Because the total boron in 

plants is to be measured, filter paper applied by total boron standard solutions instead of 

10
B enriched standard solutions will be prepared as the calibration standards for the 

consistency of boron type between standards and plant samples; (2) Since the filter paper 

standards was used as the calibration standards, [B] in filter paper, determined by ICP-

MS, should be used as the x-axis of the calibration curve. (3) Because boron 

concentration, in plants could be very small, 2 µg/g – 15 µg/g 
10

B (natural abundance 

corrected),
[54]

 and based on the information in Figure 25, a 5 min irradiation that provides 

higher sensitivity but not reaching to the plateau was used for boron measurement in 

plant samples; (4) In this section, only a small portion of the boron on filter paper was 

scanned and analyzed. The entire spiking spot was scanned and analyzed in Section 4.4 

below. To test the homogeneity of boron distribution over the filter paper thickness, 

tracks density from both sides of filter paper was analyzed in Section 4.4 as well. The 

details of these changes towards [B] imaging analysis in plants as well as the entire 

experimental procedures are described and discussed in Section 4.4 below.  

4.4 QNCR on boron imaging analysis in plants 

4.4.1 Materials and methods 

 Materials used in this section (Section 4.4) are described in Section 4.3.1.1. 



 
 

92 
 

4.4.1.1 Preparation of QNCR calibration standards  

 

Filter paper applied with different boron standard solutions were prepared and 

used as the QNCR calibration standards. Since the correlation between tracks and 
10

B is 

validated in Section 4.3, the calibration curve of QNCR is generated based on tracks 

density as a function of [B] in filter paper. Tracks density can be obtained by 

TASLIMAGE system and [B] in filter paper is measured by ICP-QMS. The accuracy of 

ICP-QMS is validated in Section 3.3. To prepare calibration standards, each filter paper 

was divided into four segments: three 35 mm × 35 mm segments (segments #1 – #3) for 

[B] analysis by ICP-QMS as described in Section 4.3.2.4 and one segment (segment #4) 

that consists of twenty 10 mm × 10 mm grids for the tracks density analysis by the 

TASLIMAGE system.  

12.5 µg/g, 25 µg/g, 50 µg/g, and 100 µg/g boron standard solutions were prepared 

from diluting a certified 1000 µg/g boron standard solution with 18.2 M-cm D.I. water. 

D.I. water was used as 0 µg/g boron standard solution. Two filter papers were used in 

total: on the first filter paper, five aliquots each of boron standard solutions (0 µg/g, 12.5 

µg/g, and 25 µg/g) were applied onto each 35 mm × 35 mm segment (segment #1 – #3) 

by 2 L capillaries. Segment #4 was applied by another five aliquots of each the same 

boron standard solutions (0 µg/g, 12.5 µg/g, and 25 µg/g) with five grids left as filter 

paper blanks. The second filter paper was prepared in the same way by using 50 µg/g and 

100 µg/g boron standard solutions. All filter papers were pressed and flattened for over 

48 hours before further being processed. Segments #1 – #3 were prepared and analyzed 

by ICP-QMS as described in Section 4.3.2.4. The other segments were attached on 6 cm 
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× 9 cm CR-39 detectors for irradiation. The irradiation units were irradiated for 5 min 

(Beam  CR-39 detector  filter paper), and were etched as described previously. 

4.4.1.2 Preparation of SRM biological pellets   

 

Pellets were prepared by mixing SRM 1575 with boron free XRF binder in the 

ratio of 4:1. SRM 1575 was used because it has low [B] of 17 ± 2 µg/g 
[54]

. Besides using 

the SRM powder as received, additional pellets were pressed from the SRM powder 

spiked by additional 20 µg/g and 40 µg/g boron standard solution diluted from certified 

boron standard solution, the detail of pellets preparation is described below. 

Each vial was put on a balance used for recording the exact weight, and then ~0.8 

g SRM 1575 powder was transferred into each vial. Five vials with the powder were used 

as five replicates. Another five vials with the powder were spiked with the addition of 

800 µL 20 µg/g boron standard solution on the balance. Another set of five vials with the 

powder were spiked in the same way by 40 µg/g standard solution instead. They were left 

for 3 days for soaking followed by another 3 days lyophilization for dehydration. Rubber 

bands and kimwipes were used to cover each vial to prevent potential sample loss and 

cross-contamination during the lyophilization procedure. All vials were weighed again 

and then their caps were put on for storage. Before pressing into pellets, a methacrylate 

ball was added to each vial, and a mixer/mill was used to homogenize the SRM powders 

in vials for 10 min. After that, ~ 0.2 g XRF binder was added to each vial on the balance. 

Then they were put in the mixer/mill again for another 10 min to homogenize the SRM 

powders and XRF binders. A portion of mixed powder from each vial was put into a 

pellet die set and pressed into a pellet by a hydraulic press on 1.5 tons. Five binder pellets 
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were pressed from binder to serve as binder blanks. Ethanol was used to clean the pellet 

die set after each pellet was pressed. In total, 5 replicates of binder pellets, unspiked SRM 

pellets, 20 µg/g spiked, and 40 µg/g spiked SRM pellets were prepared. Then one 

replicate from each pellet sample was attached on a detector. The pellets position was 

registered on the detectors so that pellets regions on the detectors can be defined 

afterward. Then the pellets with detectors as well as the filter paper standards described 

in Section 4.4.1.1 were irradiated by the neutron beam for 5 min. Detectors were etched 

and analyzed by the TASLIMAGE tracks reader.  

4.4.1.3 Direct visualization of boron distribution in maize leaves and tassel 

meristems 

 

Wild type maize was grown in the greenhouse of the University of Missouri under 

long-day conditions at 25 °C as the average temperature.
[64]

 The maize seeds were 

planted and germinated in Promix soil mixed with turface. Five of # 2 maize leaves from 

the bottom were collected as five replicates. They were pressed and flattened for over a 

week followed by heating in an oven at 60 ºC for 7 hours to complete dehydration. The 

top and bottom 15% of each leaf was trimmed so that the leaves could fit onto 9 cm × 6 

cm detectors, then each leaf was sandwiched by two CR-39 detectors. A strip of filter 

paper blank was sandwiched by CR-39 detectors as well in order to determine the Limit 

of Detection (LOD) and Limit of Quantitation (LOQ) of the QNCR technique for the 

boron analysis in leaves and tassel meristems.  

The tassel meristems were collected a month after planting the maize seeds in the 

field at University of Missouri. Maize tassel meristems were sliced vertically from tip to 

bottom and one of the two slices was sandwiched by two CR-39 detectors. The unit was 
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lyophilized immediately for 3 days to dehydrate the meristems and to prevent rotting. The 

leaves and tassel meristems irradiation units were irradiated for 5 min with the units of 

detector sandwiching filter paper standards prepared as described in Section 4.4.1.1. Then 

the detectors were etched as described previously.  

4.4.2 Results and discussion 

4.4.2.1 Generation of the calibration curve   

 

Detectors were etched as described previously, and then 12 mm × 12 mm areas on 

the grids attached by filter paper standards were scanned in order to capture the entire 

boron spiking spot. 3 mm × 3 mm regions were scanned on the grids attached to the filter 

paper applied by 0 µg/g boron solutions. Figure 29 shows the tracks distribution on the 

detector’s grid attached to the filter paper contains 13.8 µg/g boron without using tracks 

elimination, and with using 5 µm, 6 µm, 7 µm, and 8 µm tracks elimination method.  
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Figure 29. Tracks distribution from filter paper containing by 13.8 µg/g boron standard 

solution with using raw tracks (a), 5 µm (b), 6 µm (c), 7 µm (d), and 8 µm (e) tracks 

elimination method. (f) is tracks distribution from filter paper containing 7.0 µg/g boron 

with using 7 µm tracks elimination method  

 
Raw tracks (a) 

 
5 microns tracks elimination 

(b) 

 
6 microns tracks 

elimination (c) 

 
7 microns tracks elimination 

(d)  

 
8 microns tracks elimination 

(e) 

 
7 microns tracks 

elimination (f) 

 

Figure 29 above indicates when tracks smaller than 7 µm are eliminated, the best 

contrast image in visual is obtained. Therefore, 7 µm tracks elimination is applied on 

tracks in order to obtain the best visual contrast image at low boron concentration range. 

 Detector grid attached on filter paper that contains 7.0 µg/g boron was scanned 

with application of 7 µm tracks elimination, and shown in Figure 29 (f). Because there is 

no visual contrast in Figure 29 (f), tracks in 3 mm × 3 mm regions in these grids were 

scanned and analyzed again. The Region of Interest (ROI) was selected based on the 

visual contrast on the spiking spot shown in Figure 29 (d) so that the entire boron spiking 
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spot on filter paper can be sampled, and the tracks number in ROI can be recorded and 

analyzed. ROI’s area can be calculated as ellipse shape based on the ROI’s coordinate.  

The ROI’s area is not only used for [B] determination in filter paper standards as 

described in Section 4.3.2.4, but used in calculating tracks densities, tracks number 

divided by ROI area (tracks/mm
2
), as well. [B] in filter paper’s spiking spot measured by 

ICP-QMS, used as the x-axis of the calibration curve, is concluded in Table 12.  

Table 12. [B] in filter paper measured by ICP-QMS 

[B] solution spiked on filter 

paper 

[B] in filter paper spiking spot 

analyzed by ICP-QMS, µg/g 

0 µg/g 0.0 

12.5 µg/g 7.2 

25.1 µg/g 13.6 

50.8 µg/g 31.9 

102.1 µg/g 59.3 

 

The calibration curve was generated based on background corrected tracks density 

as a function of [B] in the filter paper standards measured by ICP-QMS as described in 

Section 4.3.2.4. The calibration curve is shown in Figure 30. 
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Figure 30. Calibration curve from filter paper standards. Mean ± SD, n = 5. 

 

4.4.2.2 Accuracy test of QNCR by using SRM 1575 pellets  

 

The preparation of the irradiation units with SRM pellets and filter paper 

standards are described in Section 4.4.1.2.  

During the SRM pellets preparation procedure as described in Section 4.4.1.2, 

because [B] in all materials used for the pellets preparation are certified and the exact 

weights of those materials were recorded by the balance as well, the expected [B] in 

pellets can be calculated. Then the expected [B] in pellets were compared with the [B] in 

pellets measured by QNCR through the calibration method described in the section above 

to test the QNCR’s accuracy. To measure [B] in SRM pellets, tracks in 3 mm × 3 mm 

areas on the central region of pellets were scanned and analyzed with the application of 7 

µm tracks elimination method, consistent with the tracks elimination method applied on 

the filter paper standards. After background correction from the binder blanks was done, 
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the tracks densities from pellets were calibrated into [B] in pellets through the calibration 

curve shown in Figure 30. Table 13 below shows the comparison between expected [B] 

and [B] in the SRM pellets measured by QNCR technique. Relative error is used to 

evaluate the accuracy of the QNCR with our calibration method.      

Table 13. Theoretical [B] in pellets and [B] measured by NCR in pellets. Mean ± SD, n = 

5.  

Theoretical [B],  

µg/g in pellets 

[B] by NCR,  

µg/g in pellets 

  

Relative error 

14.2 ± 0.1 30.4 ± 6.5 114.2% 

32.2 ± 0.4 62.7 ± 7.9 94.8% 

47.3 ± 0.3 88.4 ± 12.7 86.8% 

Table 13 above shows QNCR technique overestimates about 90%, its reason is 

hypothesized to be because a portion of alpha particles from filter paper standards may 

not reach the detector with the detectable energy. Regarding this concern, detector 

sandwiching method is used to evaluate the accuracy of QNCR technique as described 

in the following section. This method was also used by some other investigators 

independently regarding this concern.
[65]
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4.4.2.3 Improvement of NCR by detector sandwich method 

 

 Because of the overestimation and the attachment issue described in the section 

above, filter paper standards prepared as described in Section 4.4.1.1 were sandwiched by 

two detectors and used as the our calibration standards to test the accuracy of NCR 

technique by using the SRM pellets described in Section 4.4.1.2. This sandwiching 

method is used because 1). it will allow alpha particles to reach the detector with the 

detectable energy (Tomandl I. et al, 2017). 2). the sandwiched detectors themselves can 

block more non-
10

B particles. 3). both sides of filter paper standards can be analyzed by 

its sandwiching detectors. Therefore, the filter paper standards sandwiched by two 

detectors were used as calibration standards. Then, they were irradiated with SRM 1575 

pellets for 5 min as described in Section 4.4.1.2. [B] in filter paper’s spiking spot were 

measured by ICP-QMS and used as the x-axis of the calibration curve as described in 

Section 4.4.2.1. 

After 5 min irradiation, these sandwiching detectors were etched, and then 12 mm 

× 12 mm areas on the grids attached by boron filter paper standards were scanned in 

order to capture the entire boron spiking spot. 3 mm × 3 mm regions were scanned on the 

grids attached to the filter paper blanks and filter paper applied by 0 µg/g boron solution. 

The tracks elimination method is re-evaluated to obtain the best contrast of the image in 

Figure 31 below.  
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Figure 31. Tracks distribution from filter paper spiking spot that has 7 µg/g boron with 

using raw tracks (a), 5 µm (b), 6 µm (c), 7 µm (d), and 8 µm (e) tracks elimination 

method. The way that ROI selected on (d) is shown in (f). 

 

 
Raw tracks (a) 

 
5 microns tracks 

elimination (b) 

 
6 microns tracks 

elimination (c) 

 
7 microns tracks elimination 

(d)  

  
8 microns tracks 

elimination (e) 

 
ROI selection (f) 

 

Figure 31 shows the tracks distribution on the detector’s grid attached to the filter 

paper that has 7 µg/g boron without using tracks elimination, and with using 5 µm, 6 µm, 

7 µm, and 8 µm tracks elimination method. It indicates when tracks smaller than 7 µm 

are eliminated, the contrast of image obtained at low boron concentration down to 7 µg/g 

is best in visual. Therefore, 7 µm tracks elimination is applied on tracks in order to obtain 

the best contrast image at low boron concentration range. The Region of Interest (ROI) 

was selected based on the contrast as shown in Figure 31 (f).  

To compare the difference between without and with using detector sandwiching 

method, tracks distribution from filter paper that contains 7 µg/g boron with application 
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of 7 microns tracks elimination without and with detector sandwiching method used are 

compared in Figure 32. It can be clearly observed that using detector sandwiching 

method can improve the contrast and the visual contrast can be obtained down to 7 µg/g 

boron.  

Figure 32. Tracks distribution from filter paper that contains 7.0 µg/g boron without 

(left) and with (right) sandwiching after applying 7 microns cut off.  

 
 

Another advantage of using the detector sandwiching method is tracks density 

from both sides of filter paper standards can be recorded simultaneously. [B] and tracks 

densities in filter paper standards are determined as described in Section 4.4.2.1. As 

described above, the elimination of smaller tracks from the analysis led to better contrast. 

As discussed in Section 4.3.3.3, the tracks left after applying tracks elimination method is 

hypothesized to be caused by fast and epithermal neutrons, to confirm our hypothesis, 

filter paper blanks sandwiched by detectors were irradiated by the neutron beam defined 

as Beam  CR-39 detector  filter paper  CR-39 detector. As a companion 

experiment, a boral filter that can absorb thermal neutrons, but not fast and epithermal 

neutrons, in the neutron beam was inserted between the neutron beam and detector (Beam 
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 boral filter  CR-39 detector  filter paper  CR-39 detector) in order to test the 

detector’s response on only fast and epithermal neutrons in the neutron beam. Each 

irradiation unit was irradiated for 5 min. After etching, and scanning, the 7 micron tracks 

elimination method was applied. In the first case, over 94% of the tracks/mm
2
 were 

eliminated (from 838 ± 45 to 53 ± 4, Mean ± SD, n = 10). In the latter case, over 90% of 

the tracks/mm
2
 were eliminated (from 695 ± 60 to 61 ± 12, Mean ± SD, n = 10). These 

data demonstrate that elimination of tracks based upon the size is an appropriate method. 

Because the remaining tracks/mm
2
, greater than 7 microns in size, in these two sets of 

experiment are close to each other (53 ± 4 versus 61 ± 12), the remaining background 

tracks after applying tracks elimination method are left from fast and epithermal neutrons 

in the neutron beam during the irradiation process.   

Therefore, the background corrected tracks density on both sides of filter paper 

standards as well as the [B] in the filter paper standards measured by ICP-QMS are 

summarized in Table 14 below. 
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Table 14. [B] and tracks densities from the sandwiched filter paper standards, 

background corrected. 

[B] in filter paper 

spiking spot analyzed 

by ICP-MS, µg/g 

Tracks density from 

one side of filter paper, 

tracks/mm
2
,
  

Mean ± SD, n = 5 

Tracks density from 

the other side of filter 

paper, tracks/mm
2
, 

Mean ± SD, n = 5 

 

Averaged tracks 

density, tracks/mm
2
, 

Mean ± SD, n = 5 

0.0 0 ± 4 0 ± 6 0 ± 3 

7.0 66 ± 5 69 ± 6 68 ± 5 

14.1 124 ± 4 119 ± 10 121 ± 3 

30.8 218 ± 18 242 ± 14 230 ± 15 

54.5 458 ± 20 478 ± 27 468 ± 23 

From Table 14, it can be seen that the tracks densities from both sides of the 

sandwiched filter paper standards are close to each other, indicating boron distributes 

homogeneously through the filter paper’s thickness. This overcomes the problem that the 

literature had in their preliminary experiment 
[45]

. So, the tracks densities from both sides 

of filter paper standards are averaged and used as y-axis of calibration curve. Therefore, 

the calibration curve is generated based on the averaged tracks density as a function of 

[B] in filter paper standards as shown in Figure 33 below. 
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Figure 33. Calibration curve from the sandwiched filter paper standards, background 

corrected. Mean ± SD, n = 5.  

 

The calibration curve in Figure 33 above is used to measure [B] in SRM 1575 

pellets as described in Section 4.4.2.3. Table 15 below shows the comparison between 

expected [B] and [B] in the SRM pellets measured by QNCR technique. Relative error is 

used to evaluate the accuracy of the QNCR with our calibration method.    

Table 15. The accuracy of QNCR evaluated by the relative error of [B] measured by 

QNCR to the expected [B] in SRM pellets. Mean ± SD, n = 5.  

Expected [B] in pellets, 

µg/g 

[B] by QNCR, µg/g 

 

Relative error 

14.2 ± 0.1 15.9 ± 3.6 12.2% 

32.2 ± 0.4 34.1 ± 4.5 6.0% 

47.3 ± 0.3 48.6 ± 7.1 2.6% 

 

Table 15 indicates good accuracy of the QNCR technique with our calibration 

method on analyzing [B] in plant materials because the relative errors are smaller than 

20%, suggesting the QNCR instrumental performance is satisfactory
 [55]

. The results and 
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conclusion are reproducible from a repeated experiment (data not shown). Therefore, 

QNCR is a concentration sensitive technique that can measure [B] accurately in plant 

tissues.  

4.4.2.4 Reuse of the QNCR calibration standards 

 

 The repeatability of the QNCR technique is good as discussed in Section 4.3.3.3; 

however, in this section, the same filter paper calibration standards were reused to test 

whether the results are reproducible or not from the reused filter paper standards so that it 

can be decided if the new calibration standards need to be prepared every time for 

analyzing samples by QNCR.  

 The filter paper standards prepared in Section 4.4.1.1 were wrapped by plastic 

film, and then put in a plastic bag for storage. After two months, the same filter paper 

standards were taken out, sandwiched by two detectors, irradiated for 5 min, etched, and 

analyzed by TASLIMAGE tracks reader. 1 cm × 1 cm region of the filter paper applied 

by 50 µg/g boron standard solution was scanned by TASLIMAGE tracks reader and then 

7 microns tracks elimination method was applied, this tracks image is compared with the 

tracks image with the same filter paper standards that was first used in Section 4.4.1.1 

and this comparison is shown in Figure 34 below. 
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Figure 34. Tracks image from filter paper applied by 50 µg/g boron standard solution. 

Left: first use, Right: reuse 

 
First use 

 

 
Reuse 

 From Figure 34 above, it can be observed the visual contrast is completely lost 

when the filter paper standards are reused. Because of it, the entire spiking spot can’t be 

visually detected anymore. Because the TASLIMAGE system adjusts the contrast 

automatically based on the total number of tracks detected, the contrast in visual shown 

in the left and right of Figure 34 doesn’t reflect their actual tracks densities.  

As a result, 3 mm × 3 mm region on each filter paper grid was scanned and the tracks in 

these regions were analyzed with application of 7 microns tracks elimination method in 

order to keep consistent. Then the tracks density correlation between the reused filter 

paper and first time used filter paper prepared in Section 4.4.1.1 is compared in Figure 35 

below.   
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Figure 35. Comparison between first use and reuse filter paper standards. Mean ± SD, n 

= 5.  

 

 From Figure 35, it can be observed the tracks density for the reused filter paper 

is 25.9% of the first used filter paper and the error bars for the reused filter paper 

increase comparing to its first time use. Because tracks are left from alpha particles 

emitted from boron, it indicates only 25.9% of boron still remains in the filter papers 

when they were reused. The first hypothesis that causes only 25.9% of boron remains 

in the reused filter paper is, boron reacts with thermal neutron during the neutron 

irradiation of the filter paper’s first use. The results on the repeatability from the same 

day reused filter paper are evaluated to confirm this hypothesis. As discussed in 

Section 4.3.2.3, the good repeatability indicates that boron doesn’t lose during the 

neutron capture reaction. Therefore, the filter paper standards need to be prepared 

every time for the QNCR analysis. The investigation on re-use the same filter paper 

standards need to be further studied.  
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4.4.2.5 [B] distribution over maize leaves 

 

 The experiment for analyzing [B] distribution over maize leaves is described in 

Section 4.4.1.3. After the detectors were etched, they were scanned by the TASLIMAGE 

tracks reader. For each leaf, a 100 mm × 20 mm area was scanned so that the tracks 

image from the entire leaves can be recorded. After obtaining the tracks image with the 

application of the tracks elimination method, 20 mm × 20 mm ROIs on the left, central, 

and right side of each leaf’s tracks image were selected from bottom to tip of the leaf 

image as shown in Figure 36, left panel. The calibration curve from the sandwiched filter 

paper standards was generated as discussed in Section 4.4.2.3. 
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Figure 36. Left: ROI selection over the tracks image from an illustrative maize leaf 

piece. White squares are ROI region. Right: [B] distribution from bottom to tip on the left 

side, central region, and right side of the maize leaves. Mean ± SD, n = 5.  

 

 

 

 
 

[B] in each leaf’s ROIs was determined by calibrating the averaged tracks density 

from the sandwiched detectors. Then [B] in ROIs of five leaves were averaged and 

summarized in Figure 36 right above. Ten 20 mm × 20 mm ROIs were selected from 

each filter paper blanks sandwiching detector to determine the LOD (3 × standard 
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deviation), 1.2 µg/g, and LOQ (10 × standard deviation), 4.0 µg/g, of QNCR on studying 

[B] in leaves.  

From Figure 36 right, it can be observed that boron apparently transports from the 

bottom to the tip of maize leaves whether is on the central part or on the edge of leaves. 

Also, the error bars become larger when boron transports to the tip of leaves that may be 

due to biological variation among plants. Additionally, Figure 36 right demonstrates [B] 

on the edge and central regions of the bottom of leaves are close, but when boron 

transports to the tip region of leaves, [B] on the edge becomes higher than on the central 

region. These trends discussed above are consistent with the plant transpiration 

mechanisms that are discussed elsewhere.
[58], [59]

  

4.4.2.6 Obtaining tracks image from tassel meristems sandwiched by two detectors 

 

 Comparing to analyzing boron in maize leaves, there are some additional 

challenges on studying boron in maize meristems by QNCR because 1) Meristems in 

maize get rotted only in one or two hours after they are taken off from the plants. So, 

after meristems are dissected, they must be dehydrated immediately. 2) After the 

meristems are dehydrated, they will be curved and become very fragile that causes the 

meristems can’t be mounted and sandwiched by CR-39 detectors without being damaged. 

These two major challenges cause preparing maize meristems can’t be the same to 

preparing maize leaves as described previously. Therefore, before studying boron in 

maize meristems, a new method on the sample preparation needs to be done first to 

evaluate is QNCR feasible to study boron in maize meristems. The tassel meristems from 

three maize plants were prepared as described in Section 4.4.1.3.Then 1 cm × 3 cm 
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region that contains the entire three tassel meristems sections was scanned and the images 

is shown in Figure 37 below.  

Figure 37. Image of tracks distribution over tassel meristems.  

 

 

From Figure 37, this method of tassel meristem preparation can successfully 

obtain the tracks image from the tassel meristems. Therefore, this preparation method can 

be used for the further boron analysis in maize tassel meristems by QNCR.  

4.4.2.7 [B] in maize tassel meristems by NCR. 

 

QNCR was used to analyze boron in maize tassel meristems as tiny samples that 

were prepared as described in the Section 4.4.1.3. After the detectors were etched, 10 mm 

× 10 mm area from each tassel meristems sample was scanned so that the tracks image 
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from the entire tassel meristems can be recorded. Calibration curve from the sandwiched 

filter paper standards was generated as described in Section 4.4.2.3.   

Because tassel meristems are much smaller than leaves, the LOD and LOQ in 0.2 

mm
2
 ROIs, the smallest ROI selected for the tassel meristems, were re-evaluated in the 

same way discussed in Section 4.4.2.5. The LOD in 0.2 mm
2
 is 4.0 µg/g, and the LOQ is 

13.2 µg/g. So, a ROI over 0.2 mm
2
 was selected from each tassel meristems sample and 

the [B] was calibrated from their tracks densities with application of tracks elimination 

method through the calibration curve. Figure 38 below shows tracks distribution from 

five replicates of tassel meristems with [B] in each of them and the range of [B] was 

determined to be 14.9 µg/g – 21.2 µg/g. This is the first demonstration of [B] in 

individual tassel meristems.  

Figure 38. Tracks distribution and [B] from tassel meristems.  
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The power of analysis by QNCR is the high resolution achieved. Thus, to further 

study [B] distribution in each tassel meristems, a group of smaller ROIs, 0.2 mm × 0.2 

mm (0.04 mm
2
), were selected from each of the tassel meristems shown in Figure 38. [B] 

in these ROIs were determined from calibrating their tracks densities. The [B] and tracks 

number in these ROIs from a replicate of the tassel meristems sample are concluded in 

Figure 39 below. 

Figure 39. [B], and tracks number in 0.2 mm × 0.2 mm ROIs (0.04 mm
2
) from a 

replicate of tassel meristems.  
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From Figure 39 above, it can be observed that the [B] distribution in 0.2 mm × 0.2 

mm ROIs varies significantly over individual maize tassel meristems. It needs to be 

studied further if this significant variation in [B] distribution is due to the biological 

Tassel meristem tip 
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variance or due to the variance in NCR technique on measuring [B] in 0.2 mm × 0.2 mm 

ROIs. As a result, tracks number in these 0.2 mm × 0.2 mm ROIs are also displayed in 

the bottom of Figure 39. As it can be observed from the bottom of Figure 39, the tracks 

number is very low due to the small ROIs. Although, the tracks number doesn’t change 

as much as [B] in 0.2 mm × 0.2 mm ROIs, but the RSD% between tracks number is large 

due to the low tracks number. In another way, since [B] are calibrated from their tracks 

densities that are converted from the tracks numbers in 0.04 mm
2
 ROIs, during the 

conversion between  tracks number in 0.04 mm
2
 ROIs to tracks densities in tracks/mm

2
 

by multiplying 25 (tracks number divided by 0.04 mm
2
), this change will also become 

larger as well. For example, in the dashed regions of Figure 39, the tracks number only 

changes by 4 tracks, but the [B] changes by 7.5 µg/g. Therefore, the large variation on 

[B] in 0.04 mm
2
 ROIs in Figure 39 is because of the large RSD% between their tracks 

numbers. To address this issue, the tracks number in 0.04 mm
2
 ROIs have to be increased 

in order to decrease the RSD%. To increase the tracks number, the easiest variable that 

can be changed in future study is increasing the irradiation time. Changing the etching 

condition may be necessary as well in addition to changing the irradiation time because 

the smaller tracks are, the more unlikely the tracks overlap with each other that indicate 

the range before reaching the plateau is wider. 

As tracks distributions in plant samples are visualized in Figures 37, 38, and 39, 

not only the sample correlation issue between sample and sample’s position on the 

detector can be elucidated, but the boron distribution can also be shown visually. So, the 

correlation between tracks distribution on the detectors and boron distribution in samples 

is much simpler than correlating tracks on the detector to the adjacent tissue sections by 
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histology as discussed in other publications
[9],[44]

 that requires a cryostat, microtome 

slicing, staining, and overlaid procedures. However, correlation of a histological section 

and irradiated section may still be useful for studying boron distribution over a sample 

when the contrast of its tracks image can not be visually obtained.  
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5. Conclusions and future plans 

 Boron is an important micronutrient in plants. It is very important for plants' 

reproduction because both boron deficiency and toxicity will decrease plant's crop 

yield. It is important and significant to investigate boron quantitatively and study 

boron distribution in plants to improve the understanding of boron’s biological roles 

and its transport mechanism in plants. After determining the scope and limitation of a 

number of techniques based on their advantages and disadvantages, LA-ICP-MS and 

QNCR were selected to study boron distribution in plants. ICP-MS has been validated 

to be reliable to estimate the boron concentration in the bulk samples. LA-ICP-MS can 

provide meaningful data on boron quantitative and distribution analysis in plants. We 

have generated a way to make calibration standards of LA-ICP-MS, pressing SRM 

samples into pellets. The precision of LA-ICP-MS is improved by ablating more 

samples. However, switching samples by open and close the laser chamber will drop 

down the sensitivity and cause the underestimation of LA-ICP-MS on measuring 

boron.  

Besides LA-ICP-MS, QNCR is a powerful technique for boron imaging analysis 

in plants. It has been shown the correlation between tracks density and boron in QNCR 

technique. Our study shows increasing irradiation time can increase the sensitivity of 

the QNCR technique as well. As filter paper can be used as a substrate to simulate 

plant tissues and to reduce confounding matrix effects, filter paper standards 

sandwiched by two detectors was used as calibration standards for the quantitative 

assessment of boron concentration in plant tissues. The detector sandwiching method 

can improve the contrast of tracks image as well as improve the accuracy of QNCR 
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technique. The results also indicate that tracks elimination method can improve the 

LOD as well as the visual contrast image on low concentration level. The SRM pellets 

were used to validate the good accuracy of QNCR technique on measuring [B] in plant 

tissues with our tracks elimination method and calibration method. Finally, all methods 

were combined and used to obtain tracks image and study boron distribution directly 

over maize leaves through the tracks image as well as some tiny samples such as each 

individual tassel meristems.  

In future, these two techniques can be further developed and used to study boron 

in plant in both analytical area and biological area. In the analytical area, both LA-ICP-

MS and QNCR can be further developed. For LA-ICP-MS, maintaining constant 

instrumental condition during opening and closing the laser chamber for sample 

change is the main challenge that needs to be addressed. Additionally, LA-ICP-MS has 

possibility to construct 3-dimentional image based on the depth profiling by ablating 

the same region over and over. However, it is a big challenge to decide how much 

laser's energy should be used to penetrate the exact depth in samples each time. For the 

QNCR, the [B] measurement in smaller ROIs on the level of 0.04 mm
2
 need to be 

studied. To do that, increasing irradiation time is the easiest variable that can be done 

toward this goal. If necessary, etching condition and scanning method may need to be 

adjusted as well.  

 In the biological area, boron supplementation through nutrient soil or nutrient 

solution can be applied to evaluate the extent of boron's uptake and transport. Abiotic 

factors' effects such as temperature, humidity, and light intensity in maize could also 
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be investigated to determine their impacts on boron's uptake and boron transport in 

maize.  
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