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Abstract: Conventional radiation therapy uses white X-rays that consist of a mixture of X-ray waves 

with various energy levels. In contrast, a monochromatic X-ray (monoenergetic X-ray) has a single 

energy level. Irradiation of high Z elements with a synchrotron generated monochromatic X-ray 

with the energy at or higher than the K-edge energy of the element results in the production of the 

Auger electrons that cause DNA damage leading to cell killing. Delivery of high Z elements into 

cancer cells and tumor mass can be facilitated by the use of nanoparticles. Mesoporous silica 

nanoparticles (MSNs) have been shown to be effective in delivering high Z elements to cancer cells. 

A proof of principle experiment was reported that demonstrated the feasibility of this approach. 

This opens up a possibility to pursue the Auger cancer therapy by the combined use of MSNs loaded 

with high Z elements and monochromatic X-rays. Similar cancer therapies using other types of 

quantum beams such as neutron, proton and carbon ion beams can be envisioned.   

Keywords: monochromatic X-ray, mesoporous silica nanoparticles, high Z elements, K-edge energy 

 

1. Introduction 

Nanotechnology that was initiated in 1960s has generated a variety of nanomaterials valuable 

for biomedical applications such as cancer therapy [1]. Of particular interest are nanoparticles, small 

particles of the size ranging from 40 to 400 nm [2-4]. Various materials have been used to generate 

nanoparticles including organic nanoparticles such as liposomes, synthetic polymers, micelles, 

protein and biomolecules as well as inorganic nanoparticles such as mesoporous silica nanoparticles, 

gold nanoparticles and diamond nanoparticles [2-4]. Many nanoparticles are efficiently taken up into 

cancer cells by endocytosis and can accumulate in late endosomes and lysosomes that are localized 

at the perinuclear region of a cell [5]. In addition, nanoparticles can accumulate in the tumor either 

via passive enhanced permeability and retention (EPR) mechanism as well as by active targeting 

mechanisms [2,6].    

Convergence of Nanotechnology and Radiation therapy promises to result in the generation of 

various new approaches to radiation therapy [7,8]. For example, radiosensitizers have been delivered 

by nanoparticles to enhance radiation therapy [7]. Advantageous properties of nanoparticles such as 

tumor targeting have important implication for radiation therapy. Another approach that has 
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recently emerged is to deliver high Z elements by nanoparticles into tumor mass and to irradiate with 

a monochromatic X-ray beam [9]. In this study, gadolinium was loaded onto nanoparticles and 

distributed throughout tumor spheroids. Irradiation of the spheroids with a monochromatic X-ray 

having the energy corresponding to the K-edge energy of gadolinium resulted in efficient destruction 

of the tumor mass. A key observation was that the destruction was sharply dependent on a particular 

energy level. This opens up the possibility of developing the Auger cancer therapy by the use of 

monochromatic X-rays and high Z element loaded nanoparticles.  

In this review, we first discuss special properties of monochromatic X-rays and then discuss the 

Auger effect that was proposed in 1923 [10]. We describe nanoparticles that can be used to deliver 

high Z elements and discuss how nanoparticles can enhance the Auger effect in cancer cells. Related 

work that uses the general scheme of combining radiation beams and nanomaterials will be discussed. 

Because various beams such as proton, neutron and carbon ion beams are used widely in biomedical 

applications [11], convergence of quantum beams with nanomaterials containing various elements 

may open up a new field of study concerning radiation therapy.   

 

2. Monochromatic X-ray 

 

2.1 White X-ray and monochromatic X-ray 

X-rays are electromagnetic waves in the wave length range of 1 pm to 10 nm (Figure 1A) [12]. 

Current radiation therapy uses white X-ray which is a mixture of these X-rays waves. Because of this  

 

Figure 1. A: Various types of electromagnetic waves. Wave length is shown above the line. B: Synchrotron 

generated electron beams (white X-rays) are separated into monochromatic X-ray beams by a 

monochromator. This is used to irradiate tumor spheroids as described in the text. Modified from [9]. 

 

A

B
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feature, conventional X-rays interact with various atoms in the human body. For example, energy 

from X-ray will be absorbed by various atoms on the skin causing skin damage including sunburn 

like symptoms. In addition, conventional radiation causes effect on tissues other than the target 

tumor.   

Similar to the use of a prism that separates various color waves in the visible light range, it is 

possible to separate conventional X-rays into monochromatic X-ray waves each having a single 

energy level by using a monochromator (Figure 1B) [13,14]. The amount of X-ray absorption by 

material depends on the kind of irradiated elements and the energy of X-rays. For example, when a 

monochromatic X-ray of 50.25 keV is used, energy is absorbed specifically by gadolinium but not by 

other elements. Therefore, elements in the human body such as carbon, oxygen, hydrogen, phosphate, 

nitrogen will not be affected by this monochromatic X-ray beam. This lack of interaction with 

biological materials is a key advantage of the monochromatic X-ray. Monochromatic X-rays have 

been used for imaging studies [15,16]. Lack of interaction with various elements contributes to 

reducing the background images that are seen with conventional X-ray imaging methods. Thus, 

much sharper images can be obtained.  

 

2.2 Synchrotron generated monochromatic X-ray 

Currently, the best source for monochromatic X-ray is to use synchrotrons that generate intense 

X-ray beams. A synchrotron accelerates electrons to extremely high energy and then direct them to 

change directions by the use of magnets (bending magnets). When a moving electron changes 

direction, they emit energy at X-ray wavelength. The X-ray beams emitted from a bending magnet 

are directed to the beamlines that are placed surrounding the synchrotron ring.  

In our study, SPring-8 synchrotron radiation facility located in Harima, Japan, was used (Figure 

1B). The storage ring is operated with a constant storage ring current of 100 mA [9]. The 

monochromatic X-rays from a bending magnet were shaped by horizontal and vertical slits. The 

incident beam size is 1.4 mm in height and 1.4 mm in width at the sample position [9].  

 

 

3 The Auger effect 

 

In 1923, Pierre Auger reported at the French Academy of Science that the irradiation of high Z 

element with monochromatic X-rays results in the release of electrons (Figure 2) [10]. For example, 

when gadolinium was irradiated with the monochromatic X-ray having a higher energy than the K-

edge energy of gadolinium, an electron in the K-shell will absorb the energy and the electron is kicked 

out of the atom. This results in the destabilization of the atom which is corrected by having an electron 

from outer shell drop to the K-shell. This releases energy which is then used to kick out other electrons 

from the atom. Thus, the series of events lead to the release of electrons. If an element other than 

gadolinium is used, then the monochromatic X-ray energy needs to be adjusted so that it is higher 

than the K-edge energy of the particular element (discussed further in section 6). The electrons 

released are called the Auger electrons that possess strong cell killing effect including ionization and 

cleavage of DNA. However, they travel only a short distance and thus the effect is confined within 

the cancer cell [17-20]. Occurrence of these electrons was reported in 1922 by Lise Meitner (discussed 

in reference 17). 
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Thus, the effect of monochromatic X-rays can be amplified by the use of high Z elements, raising 

the possibility that the Auger effect-based cancer therapy can be developed. There has been a quest 

to develop the Auger therapy (reviewed in ref. [17-20]). In early studies, biological effect of 125I-

nucleotides incorporated into DNA was examined, as they undergo natural decay resulting in the 

release of Auger electrons. The study uncovered cell killing property including DNA cleavage. 

Subsequently, photon-activation therapy (PAT) was examined. However, extent of photon induced 

 

 

Figure 2. The Auger effect. Irradiation of high Z element such as Au, Ag, Gd or I with a monochromatic X-

ray having a defined energy level results in the absorption of a K-shell electron (red circle). This results in 

the movement of an electron from a higher shell (green circle) causing the release of energy that is used by 

another electron (blue circle) which is released as an Auger electron. The Auger electron has strong cell 

killing effect. 

 

effect examined by using cancer cells as well as mouse models was not strong [17]. One of the reasons 

for the failure may be due to low cytoplasmic concentration of the high Z element [17]. This is where 

nanoparticles can make a big difference as discussed below.  

  

4 Nanoparticles  

Advance in Nanotechnology led to the development of various nanomaterials such as carbon 

nanotubes, fullerene and quantum dots that provide valuable materials for medical therapy and 

diagnosis. In particular, nanoparticles, tiny particles of the size range 40-400 nm are important for 

drug delivery and a variety of nanoparticles have been developed over the years [2,3]. These include 

liposomes, synthetic polymers including polymer micelle. Inorganic nanoparticles such as silica, 

silicon, gold and diamond, also have been developed. In addition, virus nanoparticles and protein 

nanoparticles have been developed.  

Among various nanoparticles, mesoporous silica nanoparticles (MSN) have recently emerged as 

a powerful and versatile material [21-25]. They are synthesized by the sol-gel method that involves 

condensation of TEOS (tetraethyl orthosilicate) in the presence of templating surfactant solution. 
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Figure 3 shows MSN nanoparticles we used for biomedical application [26]. While these 

nanoparticles have approximately 100 nm diameter, the size can range from 50-400 nm by changing 

synthesis conditions. MSN shown in the figure contains 1400 pores with each pore diameter in the 

range of 2-4 nm giving the appearance of honey comb or Swiss cheese.  

 The key feature of MSN is the presence of a vast surface area. Because the pore interior can be 

considered surface, this type of nanoparticles has a huge surface where various compounds can be 

attached; it has been estimated that 1g of MSN has 100 m2 of surface area which translates to an area 

of 10 m X 10 m [4]. The chemistry for grafting various functional groups on the surface has been 

established [4]. This uses APTES with a variety of functional groups including amines, phosphonates, 

sulfates etc. Hydrophobic surface can also be prepared. Various size nanoparticles with various 

surface charges can be synthesized.  

 

 

Figure 3. Mesoporous silica nanoparticles prepared by the sol-gel method. A: SEM picture. B: TEM picture. 

Modified from [9].  

 

MSN nanoparticles are biocompatible and safe [27]. Recently, biodegradable MSN have been 

developed by incorporating biodegradable bonds into the framework of the nanoparticle [28-32]. 

These nanoparticles are called biodegradable periodic mesoporous organosilica (BPMO) and the 

synthesis involved the use of bridged alkoxysilane precursor instead of TEOS used for the synthesis 

of MSN. The bridged alkoxysilane is made up of two silane units bridged by a chemical bond. The 

biodegradable chemical bonds that have been used include di- and tetrasulfide bonds that are 

cleavable by reducing conditions such as those encountered inside the cell. In addition, protease 

sensitive bonds have been used. Degradation in vitro of BPMO and delivery of anticancer drugs by 

BPMO has been reported [28]. 

  

5 Proof-of-principle experiments for the Auger cancer therapy using gadolinium-loaded MSN 

 

We have recently provided a demonstration that destruction of tumor mass can be achieved by 

incubating tumor spheroids with gadolinium loaded MSN and irradiating with a monochromatic X-

ray [9]. We used a monochromatic X-ray of 50.25 keV (just above the K-edge absorption energy). To 

do this, we first synthesized gadolinium loaded MSN. MSN nanoparticles were surface modified so 

that they have excellent dispersibility in a solution. One of the ways to accomplish this is to use 

50 nm
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100 nm
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phosphonate to provide negative charge to the nanoparticle surface [33]. Gadolinium was attached 

to MSN by first preparing amine modified MSN by using APTES and then incubated with 

gadopentetic acid to prepare Gd-MSN [9]. Once bound, gadolinium is stably associated with MSN.  

As for the tumor mass, we opted to use tumor spheroids that are three-dimensional structure of 

cancer cells prepared by using a special plate for growing cancer cells (Figure 4A) [34]. It is believed 

that the three-dimensional tumor represents human tumor better than two-dimensional tissue  

 

Figure 4. A: Tumor spheroid prepared from GFP-expressing cancer cells is shown as a green mass. The size 

of the spheroid is usually 0.3 mm x 0.3 mm. When the spheroid was incubated with gadolinium-loaded 

MSN labeled with Rhodamine-B, uniform distribution of the nanoparticle throughout the spheroid was 

observed by using confocal microscopy (see the red fluorescence). B: Within a cell, Gd-MSN accumulates in 

a perinuclear region (nucleus is stained with Hoechst and appears blue). Modified from [9]. 

 

culture cells. In addition, the center of tumor spheroids often contains a necrotic area that again 

resembles human tumor. In fact, response to anticancer drugs is different with tumor spheroids 

compared with tissue culture cells. While tumor spheroids consist only of cancer cells, there has been 

effort to include other types of cells such as stromal cells to mimic tumor microenvironment. These 

are called tumor organoids [35,36].  

Gd-MSN can be distributed throughout tumor spheroids, as shown by confocal microscope 

analyses of tumor spheroids after incubation with red fluorescent MSN (Figure 4A). In this 

experiment, we used ovarian cancer OVCAR8 cells expressing GFP so that the tumor spheroid shows 

green fluorescence. Incubation with Rhodamine-B labeled red fluorescent MSN results in the 

distribution of red fluorescence on the tumor spheroid (Figure 4A). Overlap of green and red 

fluorescence was further confirmed by the examination of each focal plane of the tumor spheroid [9]. 

GFP Gd-MSNs Nuclei+Gd-MSNs

A: Distribution of Gd-loaded MSN throughout tumor a spheroid

B: Intracellular localization of Gd-MSN

Tumor spheroid 
of GFP-cancer cells

Rhodamine-B
labeled Gd-MSN

100 µm
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Figure 4B shows localization of Gd-MSN in the perinuclear region of a cancer cell. In this experiment, 

cell nucleus is stained with Hoechst dye which gives blue fluorescence. As can be seen, red 

fluorescence of Gd-MSN is detected just outside of the cell nucleus. This is because MSN can be taken 

up into cancer cells by energy-dependent endocytosis and localize to late endosomes and lysosomes 

that exhibit perinuclear localization [26]. Thus, MSN can be used to deliver various materials to the 

perinuclear region of a cell. 

Monochromatic X-rays generated at SPring-8 synchrotron facility was used to irradiate the tumor 

spheroids that have been incubated with Gd-MSN (Figure 1B). This X-ray beam of 1.4 mm x 1.4 mm 

was guided to the tumor spheroid sample and the irradiation continued for up to 1 hour. After the 

exposure, the spheroids were incubated for two to three days till the effect of the irradiation becomes 

apparent. As can be seen in Figure 5, we found that the exposure of the tumor spheroids resulted in 

almost complete destruction of the spheroids. Spheroid destruction was dependent on the exposure 

time but significant destruction was observed even after 10 minutes. Exposure of the tumor spheroids 

to the 50.25 keV monochromatic X-ray did not cause destruction without the presence of gadolinium. 

  

Figure 5. Tumor spheroid incubated with Gd-MSN was destructed after irradiation with a monochromatic 

X-ray of 50.25 keV for 60 minutes and then incubated for three days. Tumor spheroid with empty MSN 

was not affected by the irradiation. Modified from [9]. 

 

Of particular importance is that the destruction of tumor spheroid was dependent on the use of 

a monochromatic X-ray with a particular energy level [9]. As shown in Figure 5, we used 

monochromatic X-rays of 50.0 keV and 50.25 keV. This is based on a preliminary experiment 

examining energy absorption of gadolinium, which demonstrated a sharp increase in the energy 

absorption at 50.25 keV. As can be seen, almost complete destruction of tumor spheroid was observed 

when a monochromatic X-ray of 50.25 keV was used. Destruction of tumor spheroid was also 

observed with the monochromatic X-ray having 50.4 keV energy, although the destruction was 

50.0 keV 50.25 keV

ガドリニウムあり

ガドリニウムなし

Gdあり

Gdなし

50.0 keV 50.25 keV

Gd-MSN

MSN

100 µm
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somewhat less. In contrast, no destruction was observed when a monochromatic X-ray of 50.0 keV 

was used. Thus, the tumor destruction occurs at 50.25 keV that is just above the K-edge energy.  

 

6 The Auger cancer therapy. 

 

The results described above are consistent with the idea that the Auger electrons caused tumor 

mass destruction. As shown in Figure 6, it is possible to envision a cancer therapy using 

monochromatic X-ray and high Z element such as gadolinium. The key is to deliver these elements 

to the tumor and place them close to DNA. Use of nanoparticles such as MSN can be employed to 

deliver high Z element to the tumor site. Further work with animal model systems is needed to 

investigate the potential of the Auger therapy. 

 
 

Figure 6. The Auger cancer therapy envisions loading of high Z elements such as gadolinium onto 

nanoparticles such as MSN which will achieve selective accumulation of high Z elements in the tumor. 

Irradiation with a monochromatic X-ray with a defined energy level promises to destruct tumor mass. 

 

The key feature of the Auger cancer therapy is that the energy of monochromatic X-ray needs to 

be selected based on the K-edge energy of the high Z element used (Figure 7). For example, if gold is 

used, a monochromatic X-ray with 80.7 keV needs to be used to generate the Auger electrons. On the 

other hand, elements such as iodine or silver can be used with monochromatic X-rays with lower 

energies such as 33.2 and 25.5 keV, respectively. X-rays with these energy levels may be generated 

using a compact synchrotron or even laser-guided X-ray sources [37]. The study on these elements 

may stimulate research on compact X-ray sources. It has been reported that high Z elements such as 

gadolinium can absorb energy from conventional X-ray and this results in the enhancement of 

radiation therapy [38]. Similar studies have used iodine nanoparticles [39]. These studies emphasize 

the importance of high Z elements on enhancing conventional X-ray therapy.  
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Figure 7. Various high Z elements and their K-edge energy. 

 

7 Use of neutron beam. 

 

Instead of X-rays, other types of beams are being used for medical therapy (Table 1). In the case 

of boron neutron capture therapy (BNCT), 10B (boron-10) is exposed to neutron beam, resulting in the 

splitting of boron atom to lithium and helium [40-43]. Helium nucleus is an -particle that has strong 

destructive effect including DNA cleavage. Clinical studies were initiated right after world war II 

and then more extensively in 1980s and 1990s [40,42]. The boron compounds used include BPA 

(boronophenylalanine) and BSH (sodium borocaptate). In clinical settings, these reagents are 

administered by intravenous injection into patients. Nanoformulated boron reagents such as boron-

10 loaded liposomes and polymers have been developed [44,45].  

 Exposure of gadolinium to neutron beam releases -ray as well as electrons leading to 

destruction of cancer cells. This method is called GNCT (gadolinium neutron capture therapy) and 

has been evaluated as an alternative to BNCT [46]. The main difference between BNCT and GNCT is 

that -ray is emitted from boron-10 in the case of BNCT, while -ray is emitted from gadolinium in 

the case of GNCT. Because -ray’s travel path is more limited than -ray, effect on tumor is more 

focused with BNCT. However, further investigation is needed to compare BNCT and GNCT.  

 

8 Various quantum beams 

 

In addition to X-ray and neutron beams discussed above, there are other quantum beams that are 

used for cancer therapy. For example, proton beams are widely used as an effective cancer therapy 

[11]. This is because proton beams can be optimized so that the energy level at the site of tumor will 

be high, in contrast to X-ray that loses energy as it penetrates into the tissue. There are many proton 

therapy centers that are carrying out cancer therapy. This raises the possibility that the proton beam 

can be used to combine with various elements delivered to the tumor by the use of nanomaterials. 

High Z elements

Por

e10BGd
Por

e10BAu
Por

e10BAg
Por

e10BGd
Por

e10BAu
Por

e10BAgI

50.2 keV      80.7 keV      25.5 keV      33.2 keV

K-edge energy
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The first demonstration of this possibility was reported by Cirrone et al [47]. In this work, proton 

 

Table 1. Various high Z elements and their K-edge energy and Auger yield 

 

beam was irradiated on boron-11 in BSH (sodium borocaptate) resulting in the release of -rays 

(proton exposure of natural boron results in the release of three −particles). Cell death and DNA 

damage was observed with breast cancer cells. This therapy is called boron proton capture therapy 

(PBCT) and may turn out to be a powerful alternative to BNCT. 

Another quantum beam that is widely used in cancer therapy is carbon ion beam. This beam has 

been used to ionize molecule inside cancer cells. Effects on cancer cells are reported to be more 

substantial and DNA damage appears to occur within a narrow region of DNA. At this point, no 

nanomaterials that can be combined with the carbon ion beam has been reported. Yet, another 

quantum beam is an electron beam that can be generated by various nuclear reactions. Irradiating 

various elements with an electric beam might be interesting, but we have yet to see a report on this 

point. Advance in the study of particle physics promises to generate various new quantum beams. 

Together with the development of various nanomaterials, it is possible to develop novel therapies 

that could greatly enrich the current X-ray therapy. 

 

9 Summary 

 

Monochromatic X-rays provide a valuable source for radiation therapy. These special type of X-

ray with a single energy level can be obtained by separating a synchrotron generated white X-ray by 

the use of a monochromator. High Z elements such as gadolinium can be irradiated with the 

monochromatic X-rays having energies higher than K-edge energies of the element resulting in the 

release of the Auger electrons. Occurrence of this reaction in cancer cells results in DNA damage and 

induction of cell killing. Proof of principle demonstration on this approach using gadolinium loaded 

MSN and monochromatic X-rays has been reported. This opens up a possibility of pursuing the 

Auger cancer therapy. This approach can be expanded to include other quantum beams such as 

neutron, proton and carbon ion beams.  
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