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I. Introduction

It was almost 90 years ago, in 1927, that Regaud and

Lacassagne,1 famous French radiologists, described the

desired anticancer agent as follows. An ideal agent for

cancer therapy would consist of heavy elements capable of

emitting radiations of molecular dimensions, which could

be administered to the organism and selectively fixed in the

protoplasm of cells one seeks to destroy. Many contempo-

rary researchers have come to the conclusion that this ideal

is satisfied to a greatest extent by radionuclides that emit

short-range particles and are delivered into cancer cell

nuclei, as their damaging effect extends to a distance

commensurate with the sizes of molecules or cells, thereby

minimizing the damage of surrounding normal cells and

tissues.2 ± 6 The radionuclides emitting particles that have

short ranges and high linear energy transfer (LET) values

are regarded to be especially suitable for the purpose of

treatment of small and disseminated tumours.7 In general,

isotopes that have half-lives close to the characteristic

existence times of their vehicles (for example, antibodies or

their labelled fragments) in cancer cells, short ranges (up to

several tens of cell diameters) and good opportunities for

production and loading on vehicles were regarded to be

optimal radionuclides for therapeutic purposes.8 ± 10

Only few targeted anticancer radiopharmaceuticals

(RPs) are now allowed for therapeutic use. These are

Zevalin1 (Spectrum Pharmaceuticals, USA) and Bexxar1

(GlaxoSmithKline, USA), which are monoclonal antibodies

against antigen CD20 labelled by b-emitters 90Y and 131I,

respectively, intended for the treatment of B-cell lymphoma.

Recently (in May, 2013), the Food and Drug Administra-

tion of the USA gave permission for the clinical use of

Xofigo1 (previously named Alpharadin; Algeta, Norway,

then Bayer, Germany), radium-223 chloride, for the treat-

ment of bone metastases in patients with castration-resist-

ant prostate cancer.11 ± 14 This is an exclusive case of today's

application of a radionuclide salt without special delivery

vectors, as it has a pronounced affinity to bone tissue.15

Many pharmaceuticals are now in various phases of

clinical studies. The peptide agent labelled with 213Bi (213Bi-

DOTA-Substance P) (DOTA stands for 1,4,7,10-tetraaza-

cyclododecane-1,4,7,10-tetraacetic acid) was found to have

a therapeutic effect against glioblastoma and glioma.16, 17

The 213Bi-DOTA-Substance P therapy was shown to sig-

nificantly increase the average life-time both in glioblas-

toma patients (studied in 24 patients) and in glioma patients

(studied in six patients) in combination with surgical treat-

ment, chemotherapy and radiation therapy. The highest

therapeutic effect is attained by several consecutive appli-

cations using an agent that has a total activity of up to 11

GBq.

In 2014, Kratochwil et al.18 published the results of two-

year clinical trials of a peptide pharmaceutical, an analogue

of somatostatin loaded with 213Bi (213Bi-DOTATOC), for

the therapy of neuroendocrine liver metastases (seven

patients) and bone marrow carcinomatosis (one patient)

that were resistant to b-emitting RPs (90Y-DOTATOC and
177Lu-DOTATOC). (For more details of the clinical trials of

a-emitting radiopharmaceuticals, see Section VII.)

Some delivery vehicles for medical short-range radio-

nuclides are described in surveys that were published in the

last five years.5, 7, 19 ± 24 Our survey is focused on modular

nanotransporters as delivery vehicles for a very wide range

of radionuclides and biologically active compounds in

general.

II. Characteristics of Auger electron emitters that
show a potential for medical applications

Nuclear decay via electron capture or conversion electron

emission generates an atom with a vacancy in the inner

shell. Electron redistribution over shells leads to the emis-

sion of an Auger cascade. Electron capture and conversion

electron emission can occur consecutively. For example, the

electron capture decay of 125I is followed by the emission of

Auger cascade. The decay results in the 125*Te daughter

nucleus, which then enters the ground state with conversion

electron emission to generate a new Auger cascade. The

atom can loss up to tens of electrons as a result.

The DNA damaging effect of 125I, which considerably

exceeds the effect expected from its g-emission, has long

been known.25 ± 27 This effect could likewise be assigned to

transmutation (conversion to 125 Te as a result of electron

capture), to the effect of recoil nuclei, or to Auger effects.

Later experiments using 125I-labelled compounds that pene-

trated cellular nuclei but did not enter nuclear DNA 28 made

it possible to recognize the Auger electron effects and

elucidate their prominent cytotoxic activity. Convincing

experimental evidence was obtained that the DNA is just

the target whose damage by Auger electrons leads to the

death of the cell.29 The yields of various damages caused in

DNA by Auger electrons emitted by various radionuclides

are listed in Table 1. In this context, one should keep in

mind that, in one decay, only a small volume (on the order

of several cubic nanometers) around the decaying atom

receives a considerable dose,31 of about 104 ± 107 Gy,

because of the short range and the high LET of Auger

electrons (Table 2).

The DNA-damaging efficacy depends on the distance

between the atom emitting Auger electrons (Auger emitter)

and the DNA. This dependence was shown experimentally

using 125I-iodinated derivatives of a DNA-intercalator

(Hoechst 33258 dye) that had different chain lengths and,

accordingly, different distances between the 125I atom and

DNA.33

For many Auger electron emitters, absorbed doses per

unit cumulated radioactivity (S) were calculated for the

cellular nucleus as a target depending on the emitter

location, for example, in the nucleus (N) or on the cell

surface (CS).34 Table 3 shows exemplary calculations and S

ratios for two cases (N/N and N/CS) to compare the

effects of Auger emitters that reside on the cell surface and

Table 1. DNA damage yields for 125I, 119Sb, 123I, 111In and 99mTc
radionuclides.30

DNA damage Damage yield per billion base pairs and per Gray
types

125I 119Sb 123I 111In 99mTc

Base damage 7.64 5.73 4.11 3.79 2.18

All types of 4.62 3.59 2.50 2.33 1.43

one-strand

breaks

All types of 0.38 0.31 0.21 0.20 0.13

two-strand

breaks
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inside the cell nucleus. The data of Table 3 imply the

feasibility of delivering Auger emitters into the nuclei of

target cells in order to achieve their highest cytotoxicities.

Auger emitters are, as a rule, neutron-deficient nuclides

and, therefore, they can be produced on accelerators that

accelerate positively charged particles. The Auger effect

allows one to look in a new way at the long-known and

widely used radionuclides. So, provided suitable delivery

vehicles are used, any one of 99mTc, 123I, 124I and 111In can

turn from a diagnostic tool to a therapeutic nuclide. In

other words, the range of potential therapeutic Auger

emitters to a great deal overlaps with the range of nuclides

currently used for single photon emission computed tomog-

raphy (SPECT) and positron emission tomography (PET),

for which production facilities have already been created

and routes for incorporation into biomolecules have been

developed.

In order for an Auger emitter to find medical applica-

tion, it should meet the following requirements as fully as

possible; that is, this Auger emitter should:

Ð decay via electron capture or isomeric transition;

Ð have a half-life (T1/2) in the range from several hours

to several days;

Ð decay to a stable or long-lived nuclide;

Ð have no strong hard g-lines;
Ð have chemical properties that provide for firm bind-

ing to the vehicle; and

Ð be produced by facile routes, preferably by ordinary

types of cyclotrons.

There are many radionuclides that meet the above

requirements to some degree; the major candidates are listed

in Table 4.

III. Production of some Auger electron emitters

As a rule, there are several routes to produce one and the

same radionuclide. In choosing the optimal route, one

should take into account the following criteria:

Ð availability of an appropriate accelerator;

Ð availability of the target material;

Ð yield and radionuclide purity requirements;

Ð desired specific activity; and

Ð difficulty of chemical separation.

Table 5 lists the main routes to produce Auger emitters,

the yields of the relevant nuclear reactions and major

impurities. Some pieces of data are theoretical quantities

derived from experimentally determined cross sections;

other pieces were obtained from experiments, where the

result was impacted by the radiation loss of matter, isotopic

impurities in the target and other factors.

III.1. Gallium-67
Gallium-67 is widely used for SPECT diagnosis and is now

regarded to be a promising therapeutic Auger emitter; its

production methods are well developed. Gallium-67 is

formed by the reaction 68Zn(p,2n)67Ga with a cross section

(smax) of *720 mbarn at 20 ± 21 MeV.36 The most impor-

tant by-product [66Ga (9.49 h) {] is produced by the reaction
68Zn(p,3n)66Ga starting at about 25 MeV; the yield at

30 MeV is *22 MBq A71 h71 (Ref. 38).

The reaction 67Zn(p,n)67Ga is of less importance

because of the low 67Zn abundance in the natural mixture

(4.7%), despite a comparable value of smax& 610 mbarn at

10 ± 11 MeV.37

Table 2. Characteristics of Auger electron emitters of medical
importance.31, 32

Radio- Average Auger General yield of electrons with various
nuclide electron number ranges per decay (%)

per decay
< 0.5 mm < 100 nm < 2 nm

125I 20 98 86 39
123I 11 98 89 40
77Br 7 100 95 51
111In 15 98 91 53
193mPt 30 97 93 21
195mPt 36 92 79 19

LET /keV mm71 4 ± 26 9 ± 26 <18

Table 3. Absorbed dose per unit cumulated radioactivity for selected
Auger electron emitters.35

Radionuclide S /Gy Bq71 s71 S(N/N) :
S(N/CS)

N/N N/CS

67Ga 1.8861073 3.3061075 56.4
99mTc 8.1661074 1.3861075 59.1
111In 1.4761073 7.2961075 20.2
203Pb 2.6761073 1.6261075 164.8
125I 3.5161073 1.1861074 29.7
123I 1.5661073 6.2861075 24.8

Note. Here and in Table 7, the cell has a diameter of 16 mm and the

nucleus has a diameter of 10 mm; variants are considered where the

target is the nucleus and the source is the nucleus (N/N), or the target

is the nucleus and the source is the cell surface (N/CS), and their

ratios.

Table 4. Key nuclear properties of candidate Auger therapeutic
nuclides.36

Nuclide T1/2 Decay type a

67Ga 3.26 days EC
77Br 2.38 days EC
99mTc 6.01 h IT
111In 2.80 days EC
119Sb 1.59 days EC
123I 13.27 h EC
124I 4.18 days EC, b+
140Nd 3.37 days EC, b+
165Er 10.36 h EC
167Tm 9.25 days EC
191Pt 2.96 days EC
193mPt 4.33 days IT
195mPt 4.02 days IT
201Tl 3.04 days EC
203Pb 2.16 days EC

aEC stands for electron capture; IT stands for isomeric transition.

{Hereafter, the parenthesized figure having the dimension of time follow-

ing the nuclide symbol denotes the nuclide half-life.
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Table 5. Production of Auger electron emitters for targeted radiotherapy.

Nuclide Production route Energy /MeV Yield /MBq mA71 h71 Most important Ref.
impurities [content (%)] a

67Ga 67Zn(p,n)67Ga 15? 0 87 7 37
68Zn(p,2n)67Ga 30? 13 300 66Ga (7) 37, 38
natZn(d,xn)67Ga 23? 2 18 66Ga (>1000) 39
66Zn(d,n)67Ga 11? 2 30 7 39

77Br 77Se(p,n)77Br 14? 0 100 7 40
78Se(p,2n)77Br 25? 15 220 7 40
natSe(p,xn)77Br 25? 15 73 76Br (145), 82Br (3) 41
75As(a,2n)77Br 28? 14 3.3 b 7 42

14 40

99mTc 100Mo(p,2n)99mTc 18? 10 500 99gTc 43
96Zr(a,n)99Mo? 99mTc 30? 0 1.6 (99Mo) 7 44

111In 111Cd(p,n)111In 15? 0 72 7 37
112Cd(p,2n)111In 30? 11 311 7 37
natAg(a,xn)111In 38? 0 11 7 45

119Sb 119Sn(p,n)119Sb 15? 0 150 120mSb (>0.023) 46, 47

123I 124Xe(p,2n)123Cs? 123Xe? 123I 29? 23 414.c 7 48

(124Xe(p,pn)123Xe? 123I)
123Te(p,n)123I 18? 8 302 7 37
124Te(p,2n)123I 25? 18 791 124I (0.9) 37

124I 124Te(p,n)124I 12? 8 16 123I (1), 125I (<0.1) 49

11? 0 8.5 d 7 50
125Te(p,2n)124I 21? 15 81 123I (7.4) 51

125I (0.9)
126Te(p,3n)124I 36? 26 190 123I 52

125I (1.3)
123Te(d,n)124I 11? 7 2.6 7 52
124Te(d,2n)124I 15? 11 20.4 125I (1.2) 52

140Nd 141Pr(p,2n)140Nd 30 ? 15 210 7 53
natCe(3He,xn)140Nd 35 ? 20 12 7 53

5 7 54

165Er 165Ho(p,n)165Er 16? 7 79 7 55
165Ho(d,2n)165Er 20? 0 300 7 56

167Tm 167Er(p,n)167Tm 15? 8 6.9 166Tm (0.04) 57
165Ho(a,2n)167Tm 35? 20 3.4 168Tm (0.58) 58

191Pt natIr(p,xn)191Pt 30? 15 13 189Pt (500) 59
natIr(d,xn)191Pt 19? 9 11 193mPt (90) 60
natOs(a,xn)191Pt 38? 16 3.6 188Pt (1.5), 61, 62

189Pt (400), 193mPt (26)
192Os(3He,4n)191Pt 36? 25 6.7 7 63

193mPt 192Os(a,3n)193mPt 40? 30 10 195mPt (0.6) 64
natIr(d,xn)193Pt 19? 9 *10 191Pt (>100) 60

195mPt 192Os(a,n)195mPt 24? 9 0.05 7 64

201Tl 203Tl(p,3n)201Pb? 201Tl 29? 24 78.5 e 200Pb (0.9), 202mPb (0.05) 37

203Pb natTl(p,xn)203Pb 32? 18 219 201Pb (200) 65
202mPb (83)

205Tl(p,3n)203Pb 32? 18 310 202mPb (38) 65
natTl(d,xn)203Pb 20? 0 14 202mPb 66

aHyphen denotes the absence of relevant data in the cited references; b a Cu3As target; c yield measured 6.6 h post end of bombardment (EOB);
d an Al2Te3 target; e calculated for the maximal 201Tl accumulation time (31.7 h post EOB).
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When zinc of natural isotopic composition is irradiated,

the by-product 66Ga is generated simultaneously by three

routes, the most important being 66Zn(p,n)66Ga and
68Zn(p,3n)66Ga and the least important being
67Zn(p,2n)66Ga. As a result, the plot for cumulative 66Ga

generation cross section versus energy has two peaks, in the

regions of 12 and 35 MeV.67

The survey over experimentally determined cross sec-

tions and 66,67,68Ga yields in proton-induced reactions on

zinc isotopes was published by SzelecseÂ nyi et al.38

Gallium-67 is generated by irradiation of natural zinc

with deuterons. The formation of final product is contrib-

uted by the reactions 66Zn(d,n)67Ga (Ethr= 0) (hereafter,

Ethr stands for the threshold energy), 67Zn(d,2n)67Ga

(Ethr= 4.1 MeV) and 68Zn(d,3n)67Ga (Ethr= 14.6 MeV).

Here (as with proton bombardment, too), the challenge is

the generation of 66Ga, which is produced in amounts about

one order of magnitude greater than the 67Ga amounts.

When a zinc target of natural composition is bombarded by

deuterons with an energy of 19 MeV, the 67Ga yield is

16 MBq mA71 h71 and the 66Ga yield is

*140 MBq mA71 h71. 64Cu (*31 MBq mA71 h71) is pro-

duced under the same conditions; therefore, two valuable

radionuclides can be produced at the same time.68

A 66Zn-enriched target can be used for producing small
67Ga amounts; the 67Ga yield in the reaction 66Zn(d,n)67Ga

at 11 MeV is 30 MBq mA71 h71, and 66Ga is not generated

in significant amounts.39

Ion-exchange chromatography and(or) liquid extraction

are usually used to separate gallium from targets. Gallium

can be separated from the bulk of a zinc target by extraction

with diisopropyl ether from 7M HCl.69 Zinc and gallium

can be separated on a cation-exchange column in hydro-

chloric medium. Zinc, unlike gallium, is not retained in

10M HCl; gallium can then be eluted by 4M HCl. In this

case, copper is eluted together with zinc.70

In ammonia media, gallium occurs as [Ga(OH)4]7 anion

and is not retained on a chromatographic column packed

with a cation-exchanger, unlike zinc and copper, which

yield [M(NH3)4]2+ ammoniates.71

Enriched zinc is regenerated by sorption from 2 M HCl

on an anion-exchange column where copper, cobalt and

nickel radionuclides are not retained, followed by elution of

zinc from the column by water.69

III.2. Bromine-77
Bromine-77 is of interest as a therapeutic Auger emitter; its

advantages include the ease of incorporation into biomole-

cules via strong chemical bonding to carbon. Bromine-77

can be produced by proton irradiation of selenium. The

target should be enriched in 78Se in order to avoid 76Br

(16.2 h) impurities. In the energy range 25? 15 MeV, the

main reaction is 78Se(p,2n)77Br (Ethr= 12.81 MeV); the

reaction 78Se(p,3n)76Br needs higher energies to occur

(Ethr= 23.97 MeV).40

The reaction 77Se(p,n)77Br (Ethr= 2.18 MeV) can serve

as an alternative production route. In this case, the energy

should be confined to *14 MeV in order to inhibit

impurity generation by the reaction 77Se(p,2n)76Br

(Ethr= 13.33 MeV). When there are no very severe require-

ments as to radioisotope purity, 77Br can also be produced

from selenium of natural isotopic composition. Relatively

short-lived 75Br (1.6 h) in considerable amounts and 76 Br in

amounts commensurate to the target product amount are

also produced; they can then be used for the PET imaging of

distribution of the pharmaceutical in the body.41

Pelletized Cu2Se was also used as a target; radioactive

bromine was distilled from the target at *1100 8C in

flowing argon.72

The reaction 75As(a,2n)77Br yields almost pure 77Br as

arsenic has only one stable isotope and 76Br formation by

the (a,3n) route starts at *28 MeV. A disadvantage of the

method consists in a relatively low yield. Challenges can

appear in the manufacture of the target, as metallic arsenic

does not withstand high thermal and radiation loads and

bromine can vaporize during irradiation. A Cu3As alloy was

proposed for use as a target due to its high thermal stability

and thermal conductivity.42 In this case, 67Ga can simulta-

neously be produced by the reaction 65Cu(a,2n)67Ga.71

Bromine-77 was distilled from the target at 900 8C in

flowing helium; it was condensed on the inner wall of a

silica tube whose outer walls were cooled with water; then,

bromine was washed with minimal water.

III.3. Technetium-99m
Technetium-99m accounts for 85% of the diagnostic studies

in nuclear medicine. This radionuclide has been used for

diagnostic purposes during more than half a century, and it

is only now that some interest arises in its therapeutic

potential. Despite a long history of use, there are yet some

challenges in 99mTc production. Prospects of its production

are well documented (see, for example Refs 73 ± 75), so here

we will consider this issue only in the most general terms.

A classic route to the production of 99Mo, the techne-

tium precursor, is irradiation of 235U in a reactor. This

route makes it possible to produce 99Mo with high specific

activity, which is required for the production of high-output

chromatographic 99mTc generators. However, disruptions in

supply occur periodically because of the narrow circle of the

world's manufacturers and the great age of reactors. Fur-

ther, in accordance with regulatory requirements, high

enriched uranium should be withdrawn from the civil

circulation and replaced by low enriched uranium (<20%
235U), which will lead to a fivefold increase in product cost.

Currently, a number of alternative ways to obtain 99Mo

are considered, for example, 100Mo(g,n)99 Mo,
100Mo(n,2n)99Mo, 98Mo(n,g)99Mo and 100Mo(p,pn)99Mo

reactions, but all of them fail to provide the specific activity

required for the types of generators now in use.

Carrier-free molybdenum-99 can be obtained via irradi-

ation of 96Zr with a-particles by the reaction 96Zr(a,n)99Mo.

This reaction yields no side products, but its cross section is

relatively low (smax& 160 mbarn at 17 MeV),44 the 96Zr

abundance in the natural mixture is as low as 2.8%, and

a-particle beams are relatively difficult to access.

Apart from being released from parent molybdenum,
99mTc can be generated by irradiating 100Mo by
100Mo(p,2n)99mTc and 100Mo(p,pn)99Mo ? 99mTc reac-

tions. A drawback of this method is a 99gTc admixture

(250 thousand years), whose formation cross section is

about three times as great and the reaction excitation

function is slightly shifted toward high energies

(smax& 800 mbarn at 17 MeV) compared to the respective

values for 99mTc (smax& 300 mbarn at 15 MeV). The longer

the irradiation, the higher the 99gTc percentage. Upon 6-h

exposure, the 99mTc percentage is 21 mass% (18 ? 10

MeV) at the end of bombardment (EOB). Gagnon et al.43

showed the feasibility to produce large amounts of 99mTc, at
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a level of terabecquerels, in one session (dose per patient:

*1 GBq). The high target enrichment is of fundamental

importance; otherwise, side products can be produced:
94m+gTc, 95m+gTc, 96m+gTc, 97m+gTc and other.

The critical analysis of 99Mo/99mTc production methods

published by Wolterbeek et al.76 leads to unpleasant con-

clusions: in the nearest future, the reactor method will

continue to dominate; new types of reactors are needed in

order to involve 99Mo with low specific activity into

circulation; and the direct production of 99mTc on cyclo-

trons is of low promise for the reason of an excess of 99gTc.

III.4. Indium-111
Indium-111, similarly to 99mTc, 67Ga and 123I, is among the

most popular SPECT radionuclides and, as all of them, is

regarded to be a potential therapeutic radionuclide, an

Auger electron emitter. It is usually produced via proton

irradiation of metallic cadmium. For 111In production by

the reaction 111Cd(p,n)111In, the optimal energies are in the

range up to 15 MeV; when the reaction 112Cd(p,2n)111In is

used, the energy range is from 11 to 30 MeV.37 The yield of

the second reaction is far higher. When targets of natural

isotopic composition are used, an admixture of relatively

long-lived 114mIn (49.5 days) is inevitably generated by the

reaction 114Cd(p,n)114mIn. The irradiation of a thick target

by 30-MeV protons produces *1% 114mIn. The generation

of other isotopes does not make a challenge in view of their

short half-lives.77

There are a number of studies into 111In production by

deuteron irradiation of cadmium; however, this method is

rather of scientific interest because of the low availability of

moderate-energy deuteron beams.78, 79

The bombardment of a silver target by a-particles yields
111In with an acceptable radioisotopic purity (free of 114mIn)

but in a lower yield.45 The optimal energy range is 38? 15

MeV. 111In was separated from silver by extraction with

15% solution of bis(2-ethylhexyl) phosphoric acid

(HDEHP) in hexane from 3.5M HNO3 .80 Then, 111In was

back-extracted with 50% HBr. Additional purification con-

sisted in the extraction of indium by butyl acetate followed

by stripping with water.

For releasing indium from a cadmium target, it was co-

precipitated with iron(III) hydroxide by ammonia.81 Cad-

mium remained in solution. Then, the precipitate was

dissolved in 6M HBr and then indium, together with iron,

was separated from copper and zinc (from the substrate) by

extraction with diisopropyl ether. Indium was stripped with

7.7M HCl, as it does not form stable complexes under those

conditions, to leave iron in the organic phase. The aqueous

phase was passed through a column packed with

Dowex 168, and then indium was eluted with 0.05M HCl.

This stage provided separation from trace cadmium and a

reduction in acidity of 111In-containing solutions.81

III.5. Antimony-119
Antimony-119 has very favourable nuclear-physical charac-

teristics,82 but its therapeutic application is now hindered

primarily by the lack of suitable chelating agents. Anti-

mony-119 can be produced by the (p,n) reaction from 119Sn.

The reaction 119Sn(p,2n)118mSb occurs at higher beam

energies (Ethr= 11.0 MeV). Small amounts of 118mSb make

no serious problem in view of its short half-life (5.0 h). The

amount of other impurities, specifically 120mSb (5.76 days),

is determined by the enrichment of the target material.

Ion-exchange chromatography on the low-basicity

anion-exchanger Bio-Rad AG46 4 in 0.8M HCl was used

to release the desired product from the target. Antimony

was the first to leave the column, followed by tin. It is

important that both elements should be in their highest

oxidation states (V and IV, respectively); for providing this,

H2O2 was added to concentrated HCl to dissolve the

metallic tin target .47

III.6. Iodine-123
The major method for preparing this medical radionuclide

is to irradiate 124Xe by protons. The desired product is

formed through intermediate 123Xe (2.08 h) by

two reactions: 124Xe(p,2n)123Cs? 123Xe? 123I and
124Xe(p,pn)123Xe? 123I. The former is of most importance

(smax& 660 mbarn at 25 MeV).37 The direct generation of
123I as a result of the (p,2p) reaction makes no essential

contribution. An advantage of the method is the high purity

of the product; other isotopes are not generated under these

conditions. Xenon-123 can also be produced by the reaction
127I(p,5n)123Xe, but the reaction cross section peaks in the

region of 55 MeV and this considerably limits the range of

facilities that can implement the method. One more limi-

tation is the formation of an impurity of long-lived 125I

via the 125Xe (16.9 h) intermediate by the reaction
127I(p,3n)125Xe? 125I. Iodine is isolated by washing the

inner walls of the target vessel.

Since highly enriched 124Xe became available, 123I pro-

duction from tellurium targets was no longer topical. How-

ever, 123I in amounts sufficient for medical applications can

be produced by the reaction 123Te(p,n)123I in the range of

energies of 18? 8 MeV (smax& 580 mbarn at 13 MeV).37

Interfering reactions do not occur on 123Te under these

conditions, so the product purity is determined by the

enrichment grade of the target material. The reaction
124Te(p,2n)123I affords a greater amount of the product.
124I formation is unavoidable in principle, but the proper

choice of beam energy can help to reduce its amount to less

than 1%.83 The preparation and recycling of tellurium

targets will be described in the next section.

III.7. Iodine-124
Iodine-124 is mainly of interest as candidate PET radio-

nuclide, however also having a potential for use as a

therapeutic Auger emitter. One route to produce iodine-

124 is to irradiate 124Te with deuterons with energies in the

range 15? 6 MeV. A drawback of this method is a

relatively high percentage (*2%) of the 125I long-lived

impurity. The route 124Te(p,n)124I (smax& 580 mbarn at

12 MeV) is free of this drawback. It is expedient to limit

bombardment energies to 12 MeV in order to decrease the

production of the 123I impurity. This route has a desired

product yield, which is comparable to that of the (d,2n)

reaction, with a far lower 125I percentage (<0.1%). How-

ever, both routes have moderate yields and would hardly be

able to meet the growing demand for 124I. Large amounts

can be produced 51 by the reactions 125Te(p,2n)124I and
126Te(p,3n)124I. These processes require higher energies of

bombarding particles (22? 15 and 36? 26 MeV, respec-

tively). The 125I admixture is at a level of 1%.52 A compar-

ison of the 124I production routes from tellurium has been

reported.52

Metallic tellurium has no necessary thermal resistance,

so glassy tellurium dioxide, added with 6%Al2O3 to
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improve adherence to the substrate, is more frequently used

for preparing targets. Another candidate target material is

Al2Te3 . Such a target withstands currents up to 20 mA.50

The desired product is separated from the matrix by dry

distillation in flowing air at 750 8C (TeO2) or 910 8C
(Al2Te3). After this procedure, the target is ready for new

bombardment.

Bombardment of antimony with 3He nuclei and a-par-
ticles was also considered as routes to prepare 124I.

However, these routes are incommensurate to those

described above both in output and in product purity.84

III.8. Neodymium-140
Neodymium-140 is a promising medical rare-earth radio-

nuclide. The advantages of rare-earth elements include the

availability of suitable chelating agents and well-developed

methods for incorporating them into biomolecules. How-

ever, their production is frequently associated with a diffi-

cult task to separate two neighbouring lanthanides, where

one lanthanide is, as a rule, in trace amounts and the other

is in weight amounts.

Neodymium-140 has attracted particular attention,

because not only is it an Auger emitter, but also an in vivo

generator of 140Pr, a short-lived (3.4 min) positron emitter

which is also a source of Auger electrons. Neodymium-140

can be produced by the reaction 141Pr(p,2n)140Nd, which

does not yield long-lived isotope impurities. The merit of

this production route consists in that natural praseodymium

contains one stable isotope. The reaction has

smax& 900 mbarn at 18 MeV; the optimal energy value

for the production is 25? 15 MeV.53

The reaction natCe(3He,xn)140Nd, which likewise does

not yield long-lived impurities, can serve as another prepa-

ration route. This route has low yields and 3He beams are

not so easily available, but still it has a serious merit in that

the separation of Nd and Ce is not so difficult since cerium

can be oxidized to the tetravalent state.54

III.9. Erbium-165
Erbium-165 is an almost ideal radionuclide for Auger

therapy. It has no g-lines and decays exclusively by the

electron capture type. Its half-life approaches the optimal

value (10.36 h). Further, it can easily be produced by the

reaction 165Ho(p,n)165Er from holmium, which is naturally

abundant as the only isotope with mass number 165. The

excitation peak of this reaction is in the range 9 ± 10 MeV,

smax& 170 mbarn. The cyclotron yield for a maximal beam

energy of 11 MeV is 41 MBq mA71 h71, and for 15 MeV, it

is 75 MBq mA71 h71. The use of a 30-MeV beam makes it

possible to double the yield (142 MBq mA71 h71), but

when the peak energy exceeds 17 MeV, the (p,3n) reaction

proceeds to yield relatively short-lived 163Er (1.25 h).55

Since erbium isotopes with mass numbers of 162 and 164

are stable, other radioisotope impurities are not formed.

The reaction 165Ho(d,2n)165Er has smax& 600 mbarn at

12 ± 14 MeV and a far higher product yield compared to

that of the (p,n) reaction.56 The feasibility to prepare 165Er

free of a considerable admixture of the target material was

shown. For this purpose, a holmium (*15 mg) and erbium

mixture was sorbed on a column (46120 mm2) packed with

the Aminex A5 (Bio-Rad) cation-exchange resin and then

eluted with 0.15M a-HIBA at pH 5 (HIBA stands for

a-hydroxyisobutyric acid). Separation was achieved in two

stages; the column used for final refinement had a smaller

capacity.85

III.10. Thulium-167
Thulium-167 has long been regarded as a promising ther-

apeutic radionuclide, but its production has certain chal-

lenges. Natural erbium consists of six stable isotopes, so

proton bombardment yields a mixture of radioactive thu-

lium isotopes, most of them being relatively long-lived. The

only acceptable variant is the reaction 167Er(p,n)167Tm

(smax& 400 mbarn at 10 ± 11 MeV). The production of

side product 166Tm (7.7 h) by the (p,2n) reaction starts at

about 10.5 MeV, but this makes no problem as it has a short

half-life. In contrast, 168Tm (93.1 days) formation by the
168Er(p,n)168Tm reaction is very undesirable, making

important a high enrichment of the target. When enrich-

ment was 95.6%, the 168Tm percentage on day 5 post EOB

was 0.2%.57

Several indirect methods were proposed for preparing
167Tm,86 but they all require a rapid and efficient separation

of neighbouring lanthanides. The most interesting route is
168Yb(p,2n)167Lu? 167Yb? 167Tm, which can be imple-

mented with good yield on a moderate-energy cyclotron

(< 30 ± 35 MeV). The cross section of this reaction, equal to

1300 mbarn at 24 MeV, is three times that for the
167Er(p,n)167Tm reaction, but the abundance of 168Yb in

the natural mixture is as low as 0.13%.

Deuteron and a-particle reactions have far lower yields

than proton reactions. The 166Er(d,n)167Tm route can be

used, but the smax of the reaction is as low as 23 mbarn at

10 MeV.87 The 167Er(d,2n)167Tm reaction has a far higher

yield, but the product is contaminated with long-lived
168Tm produced in the concurrent (d,n) reaction.

The merit of the 165Ho(a,2n)167Tm reaction is the use of

a natural holmium target (it consists of the only isotope

with mass number 165). However, in this case, too, long-

lived 168Tm is inevitably formed through the (a,n) route.

The selection of an optimal energy range can help to reduce
168Tm percentage to 0.32% (with a beam energy of

35? 25 MeV).58

III.11. Platinum-191, 193m and 195m
Platinum has a number of isotopes that are promising for

Auger therapy, but the production of unsupported radio-

active platinum meets certain challenges, as will be shown

below. The precursor material can be osmium or iridium.

The cross sections of reactions induced by a-particles on
192Os were studied in the range of energies from 16 to

40 MeV. The 192Os(a,n)195mPt reaction has a very low cross

section (* 2 ± 4 mbarn as reported in Ref. 88 and

* 5 ± 10 mbarn as reported in Ref. 64) and thereby is

unsuitable for the production of therapeutic 195mPt doses.

Small 195mPt amounts can be produced in the range

24 ? 9 MeV, where no side processes occur and the prod-

uct purity is determined by the degree of enrichment of the

target material.

The increasing energies of bombarding particles initiate

the 192Os(a,3n)193mPt process [the reaction energy (Q) is

723.19 MeV], which has a high cross section (smax&
1500 mbarn at 36 MeV). The energy range 40 ? 30 MeV

is reported to be optimal for 193m Pt production.64 Only a

small impurity of 195mPt is generated under these condi-

tions, which makes no problem because of a similarity of

the nuclear-physical properties of 193mPt and 195mPt.
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The 3He bombardment of 192Os can serve to produce
191Pt of high radioisotope purity.63 Experiments showed

that 193mPt was not formed.88 Product yields are moderate,

but up to 500 MBq can be produced per session. Another

possible route to prepare 191Pt is the bombardment of a

natural osmium target with a-particles, but yields are also

moderate and impurity contents are high.61

Osmium targets were prepared by electrowinning from

an alkaline solution of potassium perosmate on a nickel

substrate. After being bombarded, the target together with

the substrate was dissolved in 2 ml of conc. nitric acid and

the solution was heated until complete evaporation. The

osmium was trapped as tetroxide by 4.7M KOH. The dry

residue comprised nickel from the substrate and radioactive

platinum. The residue was dissolved in 5 ml of 3M HCl,

and 0.5 ml of freshly prepared 10%SnCl2 solution in

3M HCl was added. The platinum was thus reduced to the

divalent state and then could be quantitatively extracted by

diethyl ether {extractable species: [Pt(SnCl3)5]37}.64

TaÂ rkaÂ nyi et al.59 studied proton-induced reactions on

natural isotopic iridium. However, they failed to measure

the 193mPt yield because of the low cross section of for-

mation of this nuclide and difficulties of its spectrometric

determination. The authors only reported the value of

100 mbarn calculated for the cross section of
193Ir(p,n)193m+gPt reaction for 12 MeV. Finally, they

rejected this method as inefficient for preparing 193mPt.

However, the method can be applied to prepare 191Pt; in

this case, the major reaction will be 193Ir(p,3n)191Pt and the
191Ir(p,n)191Pt process will make a much lower contribution.

The maximal cross section of the natIr(p,xn)191Pt process is

*600 mbarn at 30 MeV; a considerable amount of 189Pt

(10.87 h) is produced simultaneously. Optimal energies for

producing 191Pt should not exceed 30 MeV; the relatively

long-lived 188Pt (10.2 days) is not formed.59

The deuteron bombardment of iridium targets in the

energy range 20? 10 MeV yields a mixture of platinum

isotopes 191Pt and 193mPt in close proportions 60 as a result

of (d,2n) reactions on 191Ir and 193Ir, respectively. At higher

deuteron energies, 188Pt and 189Pt are also generated.

We failed to find documents concerning reactions on

stable iridium isotopes. A comparison of 191Pt production

methods can be found by Qaim at al.63

There are indications that 195mPt was prepared by a

photonuclear route by bombarding gold with bremsstrah-

lung photons with energies up to 34 MeV by the reaction
197Au(g,np)195mPt,89 but the yields were not reported. The

specific activity of the desired product was slightly reduced

due to the simultaneous generation of the stable platinum

isotope by the reaction 197Au(g,n)196Au? 196Pt.

III.12. Thallium-201
Thallium-201 is widely used for SPECT, but it also has a

therapeutic potential. The only today's method to produce

thallium is an indirect route through 201Pb (9.33 h), which is

produced by bombarding 203Tl by the reaction (p,3n). A

challenge can arise from (p,2n) and (p,4n) processes, which

yield 202mPb (3.53 h) and 200Pb (21.5 h). The former decays

to 202Tl (12.23 days) with 9.5% probability and the latter

exclusively to 200Tl (1.09 days).

The (p,2n) reaction on 203Tl has a maximal cross section

at 21 ± 22 MeV, the (p,3n) reaction has at 28 MeV and the

(p,3n) reaction at *40 MeV. In other words, the range of

optimal bombardment energies is very narrow, and its

choice is dictated by a compromise between the amount of

the product and its purity. Nuclear data for proton-induced

reactions on 203Tl are summarized in Ref. 90, the survey

over reactions on natural thallium is found in Ref. 91.

Thallium can be freed from lead traces by co-precipita-

tion with Fe(OH)3 or by ion-exchange chromatography in

0.025M EDTA at pH 4 on a column packed with

Dowex 5068 (thallium is sorbed, whereas lead passes

through the column).92 Trace amounts of lead and thallium

can be separated in 3M HCl on Dowex 1 anion-exchanger:

thallium(I) passes through the column far more rapidly than

lead does.93

III.13. Lead-203
When thallium of natural isotopic composition is irradi-

ated, 203Pb is generated by two reactions: 203Tl(p,n)203Pb

and 205Tl(p,3n)203Pb. The former of these reactions, how-

ever, has a low cross section and can hardly be used in

practice. The product yield increases rapidly as the beam

energy increases, due to the reaction 205Tl(p,3n)203Pb, but
201Pb (9.33 h) is concurrently generated in considerable

amounts by the reaction 203Tl(p,3n)201Pb. This challenge is

avoidable if a 205Tl target is used. The published excitation

functions 94 imply that the optimal range of energies is

32? 18 MeV.

Deuteron-induced reactions on thallium can serve to

prepare 203Pb. The excitation function of the
natTl(d,xn)203Pb reaction has two peaks; the peak

(smax= 170 mbarn) at *15 MeV corresponds to the
203Tl(d,2n)203Pb process, and the peak (smax=800 mbarn)

at 29 ± 33 MeV corresponds to 205Tl(d,4n)203Pb. In this

case, there is no need to use an enriched target: the reaction
203Tl(d,4n)201Pb, which yields a side product, has a thresh-

old of 19.8 MeV, so a relatively short-lived 202mPb (3.53 h)

is the only impurity at 20 MeV. The yield of desired product

under these conditions is not very high; it rises as the

particle energy increases, but with a decline in radioisotope

purity.66, 95

Lead-203 can also be produced by the bombardment of

mercury with a-particles or 3He nuclei, for example, by the

reaction 201Hg(a,2n)203Pb or 202Hg(3He,2n)203 Pb, but we

failed to find relevant experimental data in the literature.

The results of modelling have been reported.96

IV. Characteristics of aa-emitters that show a
potential for medical applications

b-Emitting radionuclides are now the key therapeutic radio-

nuclides due to their availability and well-developed tech-

nology to load them onto vehicles, which are usually

antibodies.22 However, a-emitters are attracting the increas-

ing attention due to advances in their production technol-

ogies and loading onto vehicles (Table 6).

Indeed, there are a number of properties that make

a-emitters more preferable than b-emitters (for a certain

range of applications). For example, a-particles have LETs

in the range 50 ± 230 keV mm71, which is two orders of

magnitude higher than for b-particles (0.1 ± 1.0 keV mm71).

The ranges of a-particles are several cell diameters against

ranges of up to one centimetre for b-particles.22 The relative
biological effectiveness (RBE), which is determined as the

absorbed dose ratio of the tested radiation to the reference

radiation that causes the same effect (g -radiation of 60Co),

for a-particles is 3 ± 8 against unity for b-radiation.97 Due to
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this, the cytotoxicities of a-emitters are 5 ± 100 times those

of b-emitters.98 a-Particles cause complex double-strand

breaks in DNA, which are poorly repairable by cells.99 For

example, the yield of double-strand DNA breaks caused by

exposure to 211At-emitted a-particles was *10 breaks per

billion of DNA base pairs and per Gray,100 which is 25 ± 75

times greater than for Auger emitters (see Table 1). The

cellular nucleus, more exactly, the nuclear DNA, is the most

sensitive target to the effect of a-particles, and its damage

leads to the death of the cell.30 One more important feature

of the cytotoxic effect of a-emitters consists of the follow-

ing: they show no weakening of radiation damage under

hypoxia/anoxia 101 unlike sparsely ionizing radiation, which

is important for the therapy of tumours where the oxygen

content is reduced. The expedience to deliver a-emitters into

target cellular nuclei is obvious from the consideration of S

values (Table 7).

The utility of 225Ac is limited by its relatively long half-

life and by the occurrence of three daughter a-emitters in

the chain, which leave the parent radiopharmaceutical

molecule due to the recoil effect and can, under certain

conditions, be redistributed over the body to give rise to

undesirable side effects. The challenges associated with the

recoil effect are also typical of the 212Pb/212Bi in vivo

generator. Although the recoil energy upon b-decay is not

high (*0.5 eV), the 212Bi daughter nucleus undergoes

internal conversion in more than 40% of cases to destroy

chemical bonds and release 212Bi. One way to avoid unde-

sired consequences of the recoil effect is to use vehicles that

rapidly penetrate into cells.

The cytotoxicity of 213Bi-DTPA-F3 and 225Ac-DTPA-

F3 peptide agents, where the peptide F3 linked to a

diethylenetriaminepentaacetic acid (DTPA) moiety pro-

vides for the delivery of the radionuclide into cancer cell

nuclei, was tested in vitro for colony-forming ability.102 The

ID50 (half-inhibition dose) values for 213Bi-DTPA-F3 and
225Ac-DOTA-F3 were 53 and 67 Bq ml71, respectively.

Therapeutic studies on two sets of laboratory mice with

xenotransplanted cancer cells showed that the use of six

doses, each of 1.85 kBq 225Ac-DOTA-F3 and 1.85 MBq

213Bi-DTPA-F3, caused an increase in animal survival time

up to 95 and 97 days, respectively; that is, the 225Ac activity

required for attaining the same effect was three orders of

magnitude lower than the 213Bi activity. Importantly, the

effect of RPs comprising short-lived 213Bi causes a rapid

shrinkage of the tumour in 30 days, whereas RPs compris-

ing the longer-lived 225Ac cause a similar tumour shrinkage

in a longer period.

V. Production of medical aa-emitters

V.1. Terbium-149
Terbium-149 has a unique combination of nuclear-physical

and chemical properties; it is the only short-lived a-emitter

among the lanthanides. Unlike 223Ra, terbium-149 can be

firmly bound to biomolecules; its half-life is better suitable

for therapeutic purposes than that of 213Bi. Recent stud-

ies 103 showed the anticancer activity of 149Tb-containing

pharmaceuticals. Unfortunately, there are no facile path-

ways to produce this radionuclide. In those studies, 149Tb

was produced by spallation from a hot bulk tantalum target

followed by the online separation of products (at the

ISOLDE facility at CERN). The radiochemistry of release

consisted of the cation-exchange separation of 149Tb and
149Gd isobars (elution with 0.13M a-HIBA) and some other

lanthanides. In this way, 25 MBq 149Tb was produced per

session.

The reaction 152Gd(p,4n)149Tb (Q=728.21 MeV) has a

very high yield (*2500 MBq mA71 h71 in the range

66? 30 MeV);104 however, its application is hampered by

the low natural abundance of 152Gd (0.2%) and by numer-

ous side reactions.

V.2. Astatine-211
Astatine-211 is among the most promising a-emitters due to

its optimal half-life and the similarity to iodine. However, it

has a limited application, primarily because of production

challenges.105 The only route to produce astatine-211 is the

reaction 209Bi(a,2n)211At, which has Ethr= 20.72 MeV and

smax& 950 mbarn at 31 MeV.106 However, the beam energy

should not exceed the threshold of the reaction
209Bi(a,3n)210At, which is 28.61 MeV, as an even minor
210At (8.1 h) impurity is hazardous for it decays to yield

highly toxic 210Po. The experimentally determined 211At

yield is 38 MBq mA71 h71 at 29.5 MeV (Ref. 107) (the
210At percentage under these conditions is less than 0.1%)

and 32 MBq mA71 h71 at 29 MeV.106 Polonium-210 can be

produced not only from 210At, but also by the direct route
209Bi(a,p2n)210Po (Ethr= 23.31 MeV).

The most popular method to release astatine from a

bismuth target is dry distillation in flowing air, nitrogen or

argon at 650 ± 670 8C. Polonium is not volatile under these

conditions.108 A possible alternative is the extraction of

astatine by diisopropyl ether.109, 110

V.3. Actinium-225 and bismuth-213
Actinium-225 is one of the most promising a-emitting

radionuclides, which can be used both directly 18, 102, 111

and to produce daughter 213Bi (46 min) in isotope gener-

ators. The major 225Ac production method is to

release it from 233U fission products:112 ± 114

229Th (7340 years)? 225Ra (14.8 days)? 225Ac. Thorium-

229 is isolated from 233U stocks of nuclear weapons pro-

grammes. The main limitations of this method are the

Table 6. Characteristics of selected a-emitters of medical impor-
tance.3, 22

Radio- a-Particle Half-life Range
nuclide energy /MeV /mm

225Ac 5.8 ± 8.4 9.92 days 50 ± 90
211At 5.9/7.5 7.2 h 55 ± 80
212Bi 6.1/7.8 60.6 min 40 ± 100
212Pb 6.1/7.8 10.6 h 40 ± 100
213Bi 5.9/8.4 45.6 min 50 ± 90
223Ra 5.7 ± 7.4 11.4 days 50 ± 70
149Tb 4.0 4.1 h 30

Table 7. Dose absorbed per unit total radioactivity for selected
a-emitters.34

Radionuclide S /Gy Bq71 s71 S(N/N) :
S(N/CS)

N/N N/CS

212Bi 2.8261072 5.5061073 5.1
210Po 8.1961072 1.6261072 5.1
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relatively low availability of the `old' 233U, which had

enough time to pile up at least insignificant amounts of

daughter 229Th and, accordingly, 225Ac. The annual world

production of 225 Ac from 229Th is *61.8 GBq (Table 8) 115

with the potential worldwide demand estimated at

>1.85 TBq year71.

The designs of 229Th/225Ac isotope generators are dis-

cussed in detail in Guseva's survey.116 Generator systems

are described where parent 229Th is sorbed on titanium

phosphate,117 from which 225Ac can periodically be eluted.

In another version, parent 229Th is in a 0.25M ammonium

citrate solution, from which 225Ac can be released by ion

exchange.118

The 229Th isotope, from which 225Ac is derived, can also

be obtained from 230Th (75 400 years) irradiated by rapid

neutrons or g-quanta.119 The parent 230Th is a member of

the uranium-238 radioactive row; its abundance is *20 g

per tonne of uranium, which makes this material hardly

accessible and the method hardly suitable for large-scale

production of 225Ac.

Bombardment of 226Ra targets by protons, neutrons or

g-quanta can be used to produce 225Ac.120 ± 122 However,

these methods have not come into wide use in large-scale

production of 225Ac because of the need for recycling highly

active radium targets. Melville and Allen 123 published a

comprehensive discussion of the feasibility to produce large

amounts of 225Ra, which is the parent radionuclide for
225Ac, or directly 225Ac through 226Ra irradiation on cyclo-

trons or linear accelerators. The photonuclear reaction
226Ra(g,n)225Ra, whose cross section reaches 532 mbarn

with photon energy of 13.75 MeV, can be used.124, 125

The possibility was shown to produce 225Ac from
226RaCl2 targets irradiated on a cyclotron by the reaction
226Ra(p,2n)225Ac. Apostolidis et al.120 varied the proton

energy from 8.8 to24.8 MeV; the highest 225Ac yield was

achieved when the proton energy was 16.8 MeV (Fig. 1).

The 226Ac (29 h) and 224Ac (2.9 h) production was insignif-

icant and did not affect the 225Ac isotopic purity. The

irradiation of 30 mg of 226Ra with 16 MeV protons for

45 h can produce *13 mCi of 225Ac.

The 225Ac was isolated from irradiated radium and

radium fission products with two consecutive extraction-

chromatographic columns packed with HDEHP (Ln Resin,

Eichrom) and 4,40(50)-di-tret-butylcyclohexano-18-crown-6
(Sr Resin, Eichrom). The first column served to separate

radium from dilute hydrochloric acid solutions

(0.01 ± 0.1 mol litre71), whereas actinium was eluted by

2M HCl. The final purification of the actinium from radium

fission products was in the second column.

A promising method for producing 225Ac in large

amounts involves the irradiation of natural 232Th by mod-

erate- and high-energy protons.126 ± 129 Actinium-225 pro-

duction by proton bombardment of thorium involves

several main reactions: nuclear reaction 232Th(p,p7n)225Th

(followed by 10% b+ decay to 225Ac) and direct reaction
232Th(p,2p6n)225Ac. Figure 2 shows an overall 225Ac yield

versus proton energy plot. The plot implies that the method

is suitable for the production of 225Ac in large amounts, of

*96 GBq (2.6Ki), by irradiation with 140 MeV protons for

10 days (100 mA beam current).127 Thus, the method can

become the major one for the large-scale production of
225Ac. The main drawbacks of the method are, firstly, the

simultaneous formation of long-lived 227Ac (21.8 years),

which cannot be separated chemically, and secondly, a

limited number of accelerators in the world with proton

energies exceeding 100 MeV and with high currents accept-

able for producing large amounts of radionuclides. Acti-

nium-227 is generated by reactions 232Th(p,2p4n)227Ac and
232Th(p,a 2n)227Ac, and its impurity accounts for 0.23% of

the 225Ac radioactivity (for the above-specified irradiation

conditions).127 The 225Ac yield and 227Ac impurity percent-

Table 8. Estimates of the worldwide 225Ac production from 229Th.115

Production Physics and Oak Ridge Institute for
facility Power Engi- National Labo- Transuranium

neering ratory, Oak Elements,
Institute, Ridge, USA Karlsruhe,
Obninsk, Germany
Russia

229Th /GBq 5.55 5.55 1.7

Maximal annual 26.6 22.2 13

production of
225Ac /GBq
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age are plotted versus proton energy in Fig. 2, which implies

that a proton energy of 5100 MeV is necessary for pro-

ducing 225Ac in large amounts. However, the 227Ac impurity

does not interfere with the use of 225Ac in a 213Bi isotope

generator.

The exposure of thorium to moderate- and high-energy

protons yields spallation and fission products, specifically
224Ra (3.7 days), 225Ra (14.8 days), 226Ac (29 h), 227Ac

(21.8 years), 227Th (18.7 days), 228Th (1.9 years), 231Th

(25.5 h), 228Pa (22 h), 229Pa (1.4 days), 230Pa (17.4 days),
232Pa (1.3 days), 233Pa (27 days), 230U (20.8 days), 111Ag

(7.5 days), 103Ru (39.3 days), 106Ru (372 days), 131I

(8.0 days), 126Sb (12.4 days), 127Sb (3.9 days), 125Sn

(9.6 days), 123Sn (129 days), 124Sb (60.3 days), 127Xe

(36.4 days), 115mCd (44.6 days), 129mTe (33.6 days), 136Cs

(13.2 days), 95Zr (64.0 days), 95Nb (35.0 days), 93Y (10 h),
140Ba (12.8 days), 99Mo (66 h), 141Ce (32.5 days), 148mPm

(41.3 days), 147Nd (11.0 days) and others (several hundred

peaks in g-spectra).127, 130 The isolation of 225Ac, whose

radioactivity is as low as *1% of total radioactivity, is a

nontrivial analytical problem, which can be solved using a

tandem of liquid extraction and extraction chromatogra-

phy. Aliev et al.,131 after dissolving an irradiated thorium

target in HNO3 with catalytic amounts of HF, carried out

liquid extraction with HDEHP two times to separate macro

amounts of thorium and some other radionuclides, followed

by extraction-chromatographic separation on two consec-

utive columns packed with sorbents containing

N,N,N 0 0,N 00-tetraoctyl diglycol amide (DGA Resin,

TrisKem Int.) and N,N-diisobutylcarbamoylmethyl(octyl)-

phenylphosphine oxide (CMPO), dissolved in tributyl phos-

phate (TBP) (TRU Resin, TrisKem Int.). The first column

provided the group separation of actinium and rare-earth

elements, and a radiochemically pure 225Ac fraction was

separated on the second column. This separation method

was tested on an irradiated bulk thorium target, with

chemical yields higher than 85%.

V.4. 213Bi isotope generators
Designs of 225Ac/213Bi isotope generators are described in

several papers.132 ± 134 The major distinctions can be reduced

to the selection of sorbents and elution media. Guseva and

Dogadkin 133, 134 proposed a system of two anion-exchange

resins and one cation-exchange resin for a 229Th/225

Ac/213Bi triple generator. The first anion-exchange column

served for periodical 225Ac elution from thorium with

8M HNO3 , and the second one served for 225Ac purifica-

tion from 225Ra and other impurities in HNO3 ±MeOH.

The 225Ac was eluted from the second anion-exchange

column with 0.1 ± 0.2M HNO3 and directly supplied to the

cation-exchange column to isolate 213Bi, that column being

in fact a 225Ac/213Bi isotope generator. Dilute HCl, HBr or

DTPA solutions can be used to elute 213Bi.

There are documents describing generator systems

designed to use extraction-chromatographic and ion-

exchange resins, where sorbents based on Aliquat-336 and

Dipex,135 bis(2-ethylhexyl)methanediphosphonic acid 136 or

cation-exchangers were used.112, 132, 137 ± 139 For details of
225Ac/213Bi generators, see Guseva's survey.116

V.5. Bismuth-212
Bismuth-212 (60.5 min) has not yet been used for targeted

delivery, but a potential of an isotope generator with parent

212Pb (10.6 h) for in vivo use was mentioned.140, 141 A
212Pb/212Bi generator is separated from parent 228Ra

(5.7 years), which is in turn separated from `old' 232Th.

For this purpose, thorium is precipitated as hydroxide, and

the radium that has remained in solution is further purified

on an anion-exchange column in 8M HNO3 and exposed to

pile-up 228Th.142, 143 The main limitation imposed on the use

of 212Bi arises from its hard g-radiation (Eg=2.6 MeV).

V.6. Radium-223
Of the a-emitting radionuclides, radium-223 (11.4 days) has

found clinical use in the form of 223RaCl2 solutions having

an activity of 1000 kBq ml71. The pharmaceutical is used

for the treatment of metastatic bone cancer, and its activity

arises from the similarity of its chemical properties and

behaviour to those of calcium (the ability to accumulate in

bones). Radium-223 is produced from 227Ac (21.8 years)

through an intermediate radionuclide 227Th (18.7 days).

Although 227Ac is a member of the 235U row, a more

suitable route to obtain it is to irradiate 226Ra with neutrons

by the reaction 226Ra(n,g)227 Ra (42.2 min)? 227Ac. The

thermal neutron capture cross section is *13 barn.144

Apart from RaCl2 , there is mentioned the usefulness of

monoclonal antibodies and liposomes for the targeted

delivery of 223Ra to cancer cells.145, 146

VI. Production facilities

The IAEA reported 147 that, in 2006, *350 cyclotrons were

used to produce radionuclides over the world. Most of these

cyclotrons (*60%) accelerate protons to 10 ± 20 MeV. This

is usually sufficient to produce the radionuclides of interest

by (p,n) reactions in small quantities. Most widely used
67Ga, 111In, 123 I, as well as 77Br, 119Sb, 124I, 165Er and
167Tm can be produced in this way. The advantage of (p,n)

reactions is the high isotopic purity of the product; their

drawback consists in relatively low yields.

The (p,2n) and (or) (p,3n) reactions, which have, as a

rule, high yields, are suitable for the large-scale production

of 67Ga, 111In, 123I, 124I and 77Br and for the production of
201Tl, 203Pb, 140Nd and 191Pt. Cyclotrons with proton

energies of 20 ± 35 MeV are required for this purpose. The

drawback of these processes consists in the occurrence of

competing reaction paths and, thereby, in lower radio-

isotopic purity.

Deuteron-induced reactions can serve as an alternative

to proton beams, as (d,2n) reactions frequently have higher

yields compared with (p,n) reactions, yielding the same

products. Deuteron beams are, however, far less available.

Reactions induced by a-particles have very low cross

sections compared with proton-induced processes and are

applicable only in special cases, for example, to produce
211At, 193mPt, 195mPt and, possibly, 167Tm. There are *40

such accelerators over the world; two of them are in Russia,

one in the Kurchatov Institute and the other in Tomsk

Polytechnic University.105

There are five medium-energy proton accelerators suit-

able for producing 225Ac/213Bi in the world, one being in the

Institute for Nuclear Research of the Russian Academy of

Sciences (Troitsk, Moscow).

The use of electron accelerators for the production of

medical radionuclides is today hampered by a small number

of plants and the lack of nuclear data.
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VII. Main families of delivery vehicles for
radionuclides that emit short-range particles

Antibodies against specific surface determinants of target

cells were historically the first, and still remain the major,

radionuclide delivery vehicles for both diagnostic and ther-

apeutic purposes. Even a specific field of radiology emerged

with its own tasks, namely radioimmunotherapy, whose

main tool was antibodies loaded with radionuclides

attached to them.148, 149 Advances in this field have been

due to the advent of radiopharmaceuticals, which are

allowed for wide use as written above in the Introduction.

However, one should keep in mind that, especially at early

times, the produced antibodies were against the determi-

nants (epitopes) that were constantly located on the surfaces

of target cells. It was only recently that antibodies were

produced against the determinants that experience various

endocytosis variants and thereby appear inside target cells

together with transported compounds (if were loaded with

them). Importantly, internalizable (i.e., penetrating into a

cell) vehicles can provide not only for a more pronounced

cytotoxicity of the delivered radionuclide, but also for a

more optimal biodistribution of the radionuclide. For

example, 64Cu-labelled internalizable (cBR96) and non-

internalizable (cT84.66) antibodies against colon carcinoma

cell antigens differently accumulated in non-target tissues:

in the liver, the uptake of 64Cu-DOTA-cT84.66 in 18 h

amounted to 17.1% of the administered dose per gram,

whereas for 64Cu-DOTA-cBR96, the respective value was as

low as 6.55%; in the spleen, the uptake values were 27.4 and

5.19%, respectively. In addition, the uptake rates of inter-

nalizable antibodies cBR96 in the tumour were far higher

than for uninternalizable cT84.66.150 This developing line of

design and production of antibodies 151 has yet to take its

rightful place, specifically in radioimmunotherapy.7

As mentioned above, radionuclides emitting short-range

particles need to be delivered into the cellular nucleus in the

immediate proximity of DNA to express their cytotoxicity

(Auger emitters) or to enhance it (a-emitters) and to make a

poorly repairable or unrepairable damage to the DNA.

Since the location inside the nuclei of target cells is less

important for a-emitters than for Auger emitters (see

Tables 3 and 7), delivery vehicles for a-emitters are devel-

oped both to deliver them to the surface of a target cell (for

example, antibodies against surface epitopes) and to the cell

interior. Delivery vehicles for Auger emitters are directed to

fulfil only the latter task, namely the delivery to the cell

interior and finally into the cellular nucleus.

As regards a-emitters, phase 1 ± 2 clinical trials have

been performed with the following radionuclide

vehicles:23, 151 ± 154

1) humanized anti-CD33 antibodies HuM195, carrying
213Bi or 225Ac, for the treatment of acute myeloid leukae-

mia;

2) monoclonal antibodies 9.2.27 against melanoma-

associated chondroitin sulfate proteoglycan (MCSP) carry-

ing 213Bi, for the treatment of metastatic melanoma and

glioblastoma;

3) chimeric anti-tenascin monoclonal antibodies loaded

with 81C6 211At and 213Bi-DOTA-[Thi8,Met(O2)11]-pep-

tide P for the treatment of glioblastoma;

4) anti-CD20 monoclonal antibodies labelled with 213Bi,

for the treatment of non-Hodgkin's lymphoma;

5) F(ab0)2 fragments of the monoclonal antibody MX35

against protein 2b, labelled with 211At, for the treatment of

ovarian cancer; and

6) monoclonal anti-HER2/neu antibodies Trastuzu-

mab1 (Herceptin) that carry 212Pb, for the treatment of

ovarian cancer.

In this listing, only substance P derivative (an 11-mem-

bered oligopeptide, type 1 neurokinin receptor ligand) is not

an antibody or an antibody fragment while the other

a-emitter vehicles used in the above-listed clinical studies

are. In our opinion, this signifies that, in the nearest future,

we should expect a splash of interest in the intracellular

(intranuclear) delivery of a-emitters (see below). Pioneering

works have already been published where the authors

showed a considerable increase in efficacy of a-emitters

upon their intracellular and, especially, intranuclear deliv-

ery.155, 156 Boudousq et al.155 compared the anti-tumour

activities of a 212Pb a-emitter when it was delivered to

epidermoid human carcinoma A431 by antibodies against

the non-internalizable CEA antigen (cancer embryonic

antigen) and by antibodies against internalizable HER2.

The efficacy of the 212Pb delivered to cells by the antibodies

against the internalizable antigen when calculated per Gray

appeared to be higher than for the 212Pb delivered by the

anti-CEA antibodies. The study by Rosenkranz et al.156

will be discussed below in the context of modular nano-

transporters.

Almost the first attempts to use Auger electron emitters

in medical practice rather than for research purposes

showed the need to develop such vehicles that would not

only recognize target cells but also penetrate them and,

moreover, move into the cell nucleus to deliver Auger

emitters directly to the DNA of the target cells. The last-

mentioned property is essential for the manifestation of

cytotoxicity just by Auger electrons. No enhancement of

anti-tumour activity was found for 125I when it was deliv-

ered by internalizable antibodies into induced colorectal

adenocarcinoma cells in athymic mice against the delivery

of the same radionuclide by non-internalizable

antibodies.157 Therefore, the efforts of many laboratories

are now concentrated on the development of internalizable

vehicles that would be capable of delivering Auger emitters

to the immediate vicinity of nuclear DNA.158 Here, we will

not consider vehicles that are efficient in cell culture experi-

ments but cannot be applied at the body level.

Auger emitter vehicles can be divided into the following

categories: (1) low-molecular-mass compounds; (2) natural

oligopeptides and proteins, either unoptimized (unmodi-

fied) or optimized; and (3) artificial polypeptide and other

macromolecular constructs. The last category includes

modular nanotransporters, which will be considered in a

special section below.

The low-molecular-mass compounds that constitute the

first category include Auger-emitter-labelled oligonucleoti-

des, steroids and some chemotherapeutic agents (for exam-

ple, cisplatin and bleomycin). Comprehensive surveys 7, 158

over these compounds have recently been published, and the

reader is referred to them.

Of the second-category vehicles, we should mention the

extensive use of diverse peptide (polypeptide) ligands to an

epidermal growth factor (EGF) receptor overexpressed on

many types of cancer cells (glioblastoma, head and neck

cancer, bladder cancer, esophageal cancer, etc.).159, 160

There were attempts to use an EGF molecule itself as an
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Auger emitter vehicle,161, 162 although recent phase 1 clinical

trials have not shown any anti-tumour effect of
111In-DTPA-EGF.163 This approach is based on the ability

of an EGF receptor to translocate into the nuclei of normal

and cancer cells (see, for example, surveys 164, 165 ). How-

ever, the entire pool of internalizable EGF receptors (which

is usually 10%± 30%) is far from appearing in the nuclei of

all cells studied hitherto;166, 167 in addition, the transloca-

tion of an EGF receptor into nucleus is affected by a set of

diverse factors (see the survey 168).{ Nonetheless, attempts

to modify various ligands to this receptor in order to

optimize the intranuclear delivery of Auger emitters are

continuing.167, 169, 170

The third category of vehicles comprises nuclisomes,

that is, liposomes loaded with DNA intercalators, for

example, daunorubicin derivatives labelled with Auger

emitters.171, 172 Specifically, nuclisomes where the constitu-

ent liposomes are modified by F5, a single-strand fragment

of the variable region of anti-HER2 antibodies, and carry a
125I-iodinated daunorubicin derivative, provided up to 70%

survival rates in athymic mice with SKOV-3 human ovarian

tumours.172

One more approach of this category employs polymeric

vehicles 173, 174 that are sensitive to pH in the tumour.

Vehicles were proposed that consisted of N-(2-hydroxypro-

pyl)methacrylamide and N-(6-hydrazino-6-oxohexyl)-

2-methylacrylamide methacrylamide copolymer and a

9-[125I]iodoellipticine, a DNA intercalator attached thereto

through an acid-sensitive linker. This construct was stable

at pH 7.4; at pH 5.0, however, the iodinated intercalator

separated out (in 44% yield in 24 h) 174 and acquired the

opportunity to interact with the DNA. The underlying idea

of the construct was the sensitivity of the linker to a

reduction in pH; the authors proceeded from the docu-

mented observations of increased acidity in solid tumours.

This construct increased the average lifespan of mice with

transplanted mammary carcinoma 4T1 by 26.4% compared

to the effect of free 9-[125I]iodoellipticine and by 67.8%

compared to the untreated control. Certainly, this approach

suggests no cellular specificity of delivery.

We hold an opinion, as other researchers, too,175 ± 179

that modular nanotransporters are of considerable interest

and have a good potential for use as delivery vehicles for

both a-emitters and Auger emitters.

VIII. Modular nanotransporters:
design and properties

A drug can be delivered to the nucleus if special transporters

having tailored properties are designed to provide for the

recognition of a target cell, the internalization of trans-

porters loaded with the transported agent by the cell and

their subsequent penetration into the nucleus. Modular

transporters designed for this purpose 159, 180 ± 184 com-

prised: (1) an internalizable ligand module to provide the

recognition of the target cell and the subsequent receptor-

mediated endocytosis of the transporter inward the cell; (2)

an endosomolytic module to enable the transporter to leave

endosomes; (3) a module having the nuclear localization

sequence (NLS) to interact with importins, cytosolic pro-

teins that ensure an active transfer into the nucleus; and

(4) a carrier module to attach the delivered drug. The terms

`module' and `modular' are here used in their direct mean-

ings, as the transporter design took into account the

possibility for the transporter to switch to various types of

target cells and even different subcellular compartments,

which can be attained more rapidly and smarter if trans-

porter components are easily exchangeable (permutable).

The need for several (at least four) components was dictated

by the following reasoning. Firstly, a transporter can be

endowed with cellular specificity simultaneously with the

ability to penetrate inside the target cell if it comprises a

component that has a high binding specificity to internal-

izable, endocytizable receptors. It is important that the

receptors used be overexpessed on target cells and be weakly

presented (in the ideal case, be absent) on normal cells

nearby. Secondly, specific nuclear delivery is achievable

when the transporter has an NLS. Thirdly, importins are

cytosolic proteins, whereas the transporter, which entered

the cell via receptor-mediated endocytosis, is enclosed in

endocytic vesicles (endosomes and other) and is thereby

separated from importins. This means that the transporter

cannot interact with importins and it needs one more

component to provide its escape from endocytic vesicles.

Fourthly, all components, or modules, should be integrated

into a single transporter and should have an opportunity to

attach the transported drugs to the transporter; the carrier

module serves for this purpose.

For the purposes of potential application, recombinant

modular nanotransporters (MNTs) were bioengineered

(their structures and stepped penetration into a cell are

schematized in Fig. 3). They comprised (1) the a-melano-

cyte stimulating hormone (MSH) or EGF as internalizable

ligand modules that are bound to type 1 melanocortin

receptors overexpressed on human and murine melanoma

cells, or EGF receptors overexpressed on head and neck,

oesophageal cancer, bladder and other cancer cells; (2) an

optimized NLS of the SV40 large T-antigen; (3) an Escher-

ichia coli haemoglobin-like protein (HMP) as a carrier; and

(4) the translocation domain of diphtheria toxin (DTox) as

the endosomolytic module.185 ± 187 These MNTs were pro-

duced 95%± 98% pure. Modular nanotransporters having

other ligand modules were designed later: with interleukin-3

(this MNT is targeted at acute myeloid leukaemia cells with

the overexpression of interleukin-3 receptors) and with

somatostatin (for neuroblastoma cells with somatostatin

receptor overexpression).188 ± 190 Modular nanotransporters

are denoted according to the sequence of their constituent

modules from the N- to C-terminus, for example, as:

DTox-HMP-NLS-MSH or DTox-HMP-NLS-EGF. The

thus-prepared purified MNTs had molecular masses of

*70 kDa (varying depending on the MNT composition,

specifically on the ligand module) and hydrodynamic diam-

eters of 10.6� 0.5 nm.191

The modules in the MNT retained their functions

necessary for fulfilling the major purpose, namely for

providing specific intracellular drug delivery into target

cells. Equilibrium dissociation constants (Kd) for

complexes of MNTs with EGF receptors, such as

HMP-NLS-DTox-EGF and DTox-HMP-NLS-EGF, were

40 and 29 nmol litre,71 respectively,187 the values close to

Kd for 125I-EGF. The MSH, a 13-membered oligopeptide,

had its affinity to melanocortin receptors slightly

{As to an insufficient efficacy of the nuclear delivery of Auger emitters

into cells due to normal internalization of EGF receptor, also see Section

IX.
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reduced when it entered MSH-comprising MNTs (to

*20 nmol litre71).186

The further fate of MNTs bound to internalizable

receptors is determined by receptor-mediated endocytosis,

the natural process of internalization, by the cell, of mole-

cules (particles) specifically bound to receptors. Specifically,

the MNT should appear in endosomes (closed-membrane

vesicles with gradually acidified contents), which it should

then actively leave to migrate to the cytosol, where impor-

tins, which can bind to the NLS to provide MNT delivery to

the nucleus, are located. The escape from endosomes should

be performed by the DTox endosomolytic module, whose

purpose consists of generating defects in membranes on the

side where the pH is weakly acidic (as inside the endo-

somes).

One method to evaluate the ability of a polypeptide to

generate pores in membranes is to measure the dye leakage

from dye-loaded liposomes. The tested MNTs caused dye

leakage in two pH ranges. One range was 5.5 ± 6.5, which is

close to pH in endosomes and is due to the DTox mod-

ule,186, 187, 192 as it can itself generate pores in this range.186

The other range was found at higher acidities, at pH ranging

from 3 to 4, and was assigned to the effect of HMP.

MNT-generated membrane defects found in experi-

ments on liposomes were characterized electrochemically

and by atomic force microscopy.187, 192, 193 The conductivity

study of the planar lipid bilayer after MNT was added at

pH 5.5 showed the emergence of ionic channels with con-

ductivities of *2 ± 5 nS, whereas the MNT lacking an

endosomolytic module had no this effect. Channels did not

appear when the full-sized MNT performed in a neutral

medium (pH 7.0). In 5 ± 15 min after the medium was

acidified to pH of 5.5, atomic force microscopy 187 detected

ring structures 30 ± 50 nm in diameter in the lipid bilayer

(egg lecithin) in the presence of the MNT (Fig. 4). In

40 ± 60 min, fluctuating holes having diameters of

50 ± 200 nm and depths equal to the bilayer thickness were

detected. At pH 7.0, no such modifications were detected.

The fluctuating pores were shown to arise from two mem-

brane-active domains (DTox and HMP). The diameters of

these pores (50 ± 200 nm) considerably exceeded the MNT

sizes, so the MNT molecules unbound to the bilayer were

likely to be capable of leaving endosomes and reaching their

destination. Intriguingly, the DTox endosomolytic module

when included into different MNT regions, yet caused the

generation of identical defects in lipid membranes,192 which

implies its ability to function in various polypeptide con-

texts.

Atomic force microscopy with a modified probe showed

that the elevations observed on the bilayer, which formed

ring structures and were frequently seen near fluctuating

pores, were built of MNT molecules. The MNT biospeci-

ficity of the cantilever tip of the atomic force microscope

was achieved by modifying the tip with affinity-purified

rabbit anti-MNT antibodies. This probe served to obtain

curves where the interaction strength of the tip with the

lipid bilayer and with the MNT on the lipid bilayer was

plotted against the tip ± object distance. The MNT ± anti-

body specific interaction strength averaged 192� 23 pN,

which is typical of antigen ± antibody specific interactions.

When an antibody- or antigen-modified cantilever tip is

used in tapping mode, a 1 ± 2 nm increase is observed in the

apparent height of scanned objects due to antigen ± anti-

body interactions. When MNT-containing lecithin bilayers

were scanned by an unmodified cantilever tip at pH 5.5,

three types of species were detected with average heights of

1.1, 2.2 and 4.4 nm. Three types of species were also

observed in scans when the cantilever tip was modified

with anti-MNT antibodies. Their apparent heights were,

however, reliably 1 ± 2 nm higher: 2.0 [(p<0.001), 4.3

(p<0.05) and 7 nm (p is the significance level of the

statistic test). Therefore, all those species were formed by

MNT molecules, and judging from their average heights,

they were MNT molecules embedded into the bilayer,

adsorbed on the bilayer surface and forming aggregates on

the bilayer surface. These data provided an additional

a
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Figure 3. Layout of a modular nanotransporter (a) and the steps
of its penetration into a target cell and cell nucleus (b).186, 191

(1) Binding to the receptor, (2) endocytosis, (3) escape from endo-
somes, (4) binding to importins; and (5) entrance into the nucleus.
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characterization of MNTs. For example, analyzing ring

structures, one could determine the average heights, widths

and lengths of the MNT molecules embedded into the

bilayer: 5.3� 0.4. 9.0� 0.9 and 12.5� 1.9 nm, respectively.

These values and the average diameter of ring structures

(43.1� 1.2 nm) made it possible to estimate the average

number of MNT molecules in those structures at 11� 2.191

It was inferred that, when the pH is acidified to 5.5, an

MNT containing all the four modules, including the DTox

endosomolytic module, can generate MNT-bordered pores

in bilayers whose sizes will be sufficient for the MNTs to

escape through them.

Finally, the functionality of the endosomolytic module

was confirmed at the cellular level. Measurements of intra-

cellular pH in the MNT microenvironment by image-ratio

video microscopy 186 were used to elucidate the ability of an

MNT comprising a DTox module to escape from acidified

endocytosic compartments. In experiments on living murine

Claudman S91 melanoma cells (clone M3), a truncated

MNT version without endosomolytic module was detected

in vesicles that had low-acidic or acidic contents, whereas

the full-sized MNT (with the DTox module) was in neutral-

pH microenvironment.

Surface plasmon resonance was used to characterize the

interaction of the NLS in the MNT with an a/b-importin

dimer:187 the affinity constants of the studied MNTs to the

importin dimer were very close to the constant of the

natural polypeptide with the same NLS, which implied

that this module was fully functional.

The location of full-sized MNTs inside the cell was

almost exclusively intranuclear.186, 187 Thus, all modules in

the MNT retained their intrinsic functions to make it

possible to fulfil the major purpose, i.e., to deliver the

MNT into the nucleus of the target cell.

IX. Modular nanotransporters as vehicles for the
targeted nuclear delivery of aa-particles and Auger
electron emitters into target cells

As mentioned above, a-emitters and Auger electron emitters

are most efficient in the cellular nucleus, so the dynamics of

the nuclear content of the MNTs carrying these emitters is

of special importance. The accumulation of an MNT that

contains EGF as the ligand module (an MNT labelled by

N-succinimidyl 3-[125I]iodo-4-guanidinemethylbenzoate,

[125I]SGMIB-MNT), in the nuclei of human epidermoid

carcinoma A431 cells reaches a maximum in 1 h after the

cells were loaded with this MNT. Up to 60% of the radio-

activity entering the cells appears in the nuclei.194

0

14

nm

nm

200

400

600

800

a

77

0

7

0 200 400 600 800 nm

92.9 nm horizontally

4.0 nm vertically

b

0

14

nm

nm

200

400

600

800

c

nm

nm

4

50

100

150

d

1

2

Figure 4. Defects in lipid bilayers caused by the DTox-HMP-NLS-EGF MNT at pH 5.5 as probed by atomic force microscopy.187, 192

Images of large holes (a) and their section (b) by a normal plane along the white line with length (1) and width (2) characteristics; small
defects (c) and their magnified image (d ). One small defect surrounded by a torus is indicated by a white arrow; one large fluctuating hole is
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Astatine-211, which has a half-life of 7.2 h, was used as

an MNT-delivered a-emitter. The first experiments 195 with
211At used the modular polypeptide conjugates produced by

joining the modules by bifunctional cross-linking agents.

They showed the expected efficiency: a one-order-of-magni-

tude reduction in A37 (the radioactivity dose required to

destroy 63% of the cells and thus leaving 37% of the cells

alive) due to the nuclear delivery of 211At to PLC/PRF/5

human hepatoma cells. Later 156 a recombinant MNT

(DTox-HMP-NLS-EGF), labelled with 211At with the use

of N-succinimidyl 3-[211At]astate-4-guanidino-4-methylben-

zoate ([211At]SAGMB), was used for the targeted damage of

cancer cells with the EGF receptor overexpression, in

human epidermoid carcinoma A431 and two human glio-

blastoma lines (D247 MG and U87MG.wtEGFR). Prelimi-

nary experiments showed that labelling did not modify the

properties of the MNT. Cell survival tests clearly showed a

more pronounced cytotoxicity of [211At]SAGMB-MNT

compared to free 211At in all three cancer cell lines. For

glioblastoma D247 MG cells (Fig. 5), A37 values for

[211At]SAGMB-MNT and unbound 211At were 3.8 and

69 kBq ml71, respectively. In other words, the nuclear

delivery of 211At to the target cells increased its cytotoxicity

by a factor of 18.2. For the other two lines, A431 and

U87MG.wtEGFR, the gain in cytotoxicity was 14.5 and 8.3

times, respectively. Later quantitative calculations implied

that the recoil nuclei generated by a-decay of 211At con-

tributed to the [211At]SGMAB-MNT overall effect.156

Iodine-125 and gallium-67, the isotopes emitting on the

average 20 and 5 Auger electrons, respectively, per decay,

were used as MNT-delivered Auger emitters. The MNT-

transported iodine-125 ([125I]SGMIB-MNT) was 3500 times

more potent in damaging human epidermoid carcinoma

cells A431 (Fig. 6) than iodine-125 was in the control

polypeptide, which was incapable of penetrating cell

nuclei.194 Koumarianou et al. 196 obtained qualitatively

similar results for gallium-67 (Table 9).

In both studies,194, 196 the efficacy of MNT-delivered

Auger emitters targeted at cancer cells with EGF receptor

overexpression, was compared against the efficacy of the

same Auger emitters (125I and 67Ga) attached to EGF. The

MNT-delivered 125I and 67Ga had cytotoxicities about one

order of magnitude higher than the EGF-delivered species

had: in terms of A37, cytotoxicity increased by a factor of 5

and 13 for 125I and 67Ga, respectively; in terms of A10 (the

dose that left alive 10% cells), the gain in cytotoxicity was

18 times for both Auger emitters.194, 196 We may infer that

the mere binding to an EGF receptor is insufficient for

providing a high cytotoxicity of Auger emitters. Likely, it is

necessary to endow the Auger emitter delivery vehicle both

with the possibility to escape from endocytosic compart-

ments and with NLS, i.e., with the modules that are present

in the MNT.

Modular nanotransporters appeared to be of low tox-

icity to mice. C57 black/6J mice tolerated the maximal

achievable dose of intravenous DTox-HMP-NLS-MSH

(7.5 mg); higher doses were unachievable because of intra-

venously administered volume limitations and MNT solu-

bility. C57 black/6J mice and Balb/c ByJIco-nu/nu

immunodeficient mice were able to tolerate multiple intra-

venous administrations of four times of 2 mg DTox-HMP-

NLS-MSH and six times of 3 mg DTox-HMP-NLS-EGF,

respectively, with 2 ± 3 day intervals between injections. The

1

2

0.1

1

10

100

0 100 200

Radioactivity /kBq ml71

S
u
rv
iv
a
l
ra
te

(%
)

Figure 5. Survival rate (scored as the colony-forming ability) of
glioblastoma D247 MG cells with various radioactivities of asta-
tine-211 added as [211At]SAGMB-MNT (1) or free 211-astatine
(2).156
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Figure 6. Enhancement of cell death rate (scored as the colony-
forming ability) of human adenocarcinoma A431 cells induced by
the 125I Auger electron emitter delivered by DTox-HMP-NLS-
EGF-[125I]SGMIB MNT (1).192

The control is 125I loaded to bovine serum albumin (BSA), which
cannot penetrate cells and their nuclei (2).

Table 9. Comparative cytotoxicity (in terms of A37 and A10) of 67Ga
deliveredwith anMNT into cancer cell nuclei against other vehicles.196

Cell line 67Ga vehicle A37 (MNT) : A10 (MNT) :
(other than A37 (vehicle) A10 (vehicle)
MNT)

Human epider- EGF 13 18

moid carcinoma BSA 17 17

A431 EDTA 385 388

Human glio- EGF 72 18

blastoma WTT
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intravenous administration of DTox-HMP-NLS-EGF to

C57 black/6J mice in a dose of 4 mg did not cause any

significant behavioural modification or macroscopic alter-

ations of organs in these mice compared to the control

animals, which received physiological saline.191

The selectivity of accumulation of labelled MNTs in

B16-F1 tumour transferred to mice C57Black/6J increased

considerably as the MNT dose reached the ratios 13.4� 1.7

(tumour : muscle) and 9.8� 1.8 (tumour : skin) as soon as in

3 h post intravenous administration.191, 197

The distribution (target cells: melanoma) of the DTox-

HMP-NLS-MSH MNT upon intravenous administration to

mice bearing Claudman melanoma S91 (clone M3) eluci-

dated the preferred accumulation of the MNT in cancer

cells, and in nuclei inside the cells. A similar result was

obtained after immunodeficient mice having epidermoid

carcinoma were administered with another MNT, namely

DTox-HMP-NLS-EGF, which is targeted at epidermoid

carcinoma cells and some other cancer cells (see above)

(Fig. 7).191

In vivo experiments with the delivery of Auger emitters

have not yet been published, so we will briefly review the

information published on the enhancement of the anti-

tumour effect of photosensitizers (PSs) delivered to cancer

cell nuclei of experimental tumours. Photosensitizer-gener-

ated reactive oxygen species (which are real active cytotoxic

agents) are known to have very short ranges, which is a

common feature of the action of photosensitizers and the

effects caused by a-emitters and Auger emitters. Unlike the

latter, the production of reactive oxygen species by photo-

sensitizers can be switched on or off almost instantaneously

by manipulating the light absorbed by the photosensitizer.

Experiments were performed on immunodeficient mice

with transplanted human epidermoid carcinoma. The 98%

tumour growth inhibition was found when the chlorin e6
photosensitizer was delivered by the DTox-HMP-NLS-

EGF MNT. All untreated animals died by day 24 post

tumour transplantation, against the 75% survival observed

in the tumour-carrying mice treated with the MNT-deliv-

ered photosensitizer (Fig. 8). For comparison: in the con-

trol that was treated with the photosensitizer alone (without

MNT-assisted delivery), the animal survival rate was as low

as 20% (in the experiment and control on observation day

92).191

A significant increase in the cytotoxicity of the bacterio-

chlorin p photosensitizer was found in Claudman S91 (clone

M3) and B16-F1 melanoma models. A reliable increase in

tumour growth inhibition and in the average survival time

of tumour-carrying animals was found upon treatment with

the MNT-delivered photosensitizer against the effect caused

by the photosensitizer alone. The effect was more pro-

nounced in model less pigmented melanoma Claudman

S91 (clone M3).197

a
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20 mm

Figure 7. Immunofluorescent detection of the DTox-HMP-NLS-
MSH MNT in the tumour and surrounding tissue 3 h post intra-
venous administration to DBA line mice with Claudman S91 (clone
M3) melanoma constantly transformed by the green fluorescent
protein gene.191

(a ± d ) Tumour surrounding tissue: (a) the MNT detected by
AlexaFluor 555 staining (red fluorescence); (b) Claudman S91
(clone M3) melanoma cancer cells with green fluorescent protein
(green fluorescence); (c) all cellular nuclei stained with 40,6-diami-
dino-2-phenylindole; and (d) superposition of figures (a), (b) and
(c).
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Figure 8. Tumour growth inhibition (a) and a noticeable gain in
survival rate (b) in immunodeficient mice with transplanted human
epidermoid carcinoma upon photodynamic therapy.191

(1) Control, (2) free PS, and (3) MNT-transported PS. Arrows
indicate the PS and PS-MNT administration times and subsequent
irradiation time (PS is chlorin e6).
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X. Conclusion

The efficacy of a radiopharmaceutical agent is determined

by the combination of nuclear-physical properties of the

radionuclide and the biochemical behaviour of its delivery

vehicles. The use of MNTs, which deliver the radionuclide

into the cancer cell nucleus, makes it possible to enhance the

cytotoxic effect of a-emitters and especially of Auger

electron emitters. The delivery of 211At to the nuclei of

target cells increased its cytotoxicity by a factor ranging

from 8.3 to 18.2. For 67Ga, the use of MNTs increased

cytotoxicity by one to two orders of magnitude, and for 125I,

by three orders of magnitude.

We may expect that the application of MNTs as delivery

vehicles will greatly expand the range of therapeutic radio-

nuclides to include emitters of low-energy (Auger and

conversion) electrons. Well-known diagnostic radionuclides

(111In and 67Ga), for which methods for production, sepa-

ration, and incorporation into biomolecules have been

developed, can be used in this new quality. Importantly,

their use will not require an appreciable expansion of the

existing park of accelerators.

Apart from the above-listed radionuclides, some lantha-

nide radionuclides (165Er, 167Tm, etc.) and platinum-metal

radionuclides (191Pt, 193mPt, 195mPt), which have attractive

nuclear-physical and chemical properties, are expected to

enter practice in the more distant future. However, for them

to be applied widely, more research into their nuclear

properties and into the coordination chemistry and radio-

chemistry of those elements is necessary.

Phase 2 clinical trials of several agents comprising

a-emitters, such as 211At, 212Pb/212Bi, 213Bi and 225Ac, for

use in cancer radioimmunotherapy are now underway;

therefore, drugs of this group can enter the market in the

near future.

Unfortunately, the applications of a-emitters are hin-

dered by serious production challenges (for 211At and
225Ac), short half-lives (for 212Bi and 213Bi), daughter

emitters in the chain (for 212Pb and 225Ac), or an insufficient

stability of bioconjugates in the body (for 211At). Modular

nanotransporters help to partially solve the problem of

daughter radionuclides due to the delivery of the parent

nucleus inside cancer cells to hinder subsequent prolifera-

tion of daughter nuclei.

Despite the active search for alternatives, today the main

way of getting 225Ac is still release from old 233U. The latest

studies showed the feasibility of large-scale 225Ac produc-

tion on accelerators of moderate-energy electrons, but there

are few such accelerators in the world. The thus-prepared

product contains a 227Ac impurity, so it can be used only in

the manufacture of 213Bi generators. Thus, technical diffi-

culties associated with the production of 213Bi can generally

be considered as resolved.

It seems likely that nuclear therapy will gradually turn

from reactor-produced radionuclides to accelerator-pro-

duced radionuclides to solve the problem of low specific

activities typical of many reactor-produced nuclides. In

addition, production on accelerator facilities satisfies

nuclear safety requirements to a greater extent.
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Russian Science Foundation (Project No. 14-14-00874) and

the Russian Foundation for Basic Research (Project

No. 13-03-01304).
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