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Summary 

This paper reviews the preparation and application of radioactive microspheres for medical purposes. It 
first discusses the properties of relevant radioisotopes and then explores the diagnostic uses of gamma-
emitter labeled microspheres, such as blood flow measurement and imaging of the liver and other 
organs. The therapeutic uses of alpha- and beta-emitting microspheres, such as radioembolization, local 
tumor therapy and radiosynovectomy, are then described, and the recent developments in neutron 
capture therapy using gadolinium microspheres and boron liposomes discussed. The review concludes 
with some considerations in radiopharmaceutical kit preparations and radioisotope generator use, as 
well as with some radiobiological and dosimetric concerns. 
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Definition of microspheres 
Many different kinds of microparticles are used for both diagnostic and therapeutic medical 
applications. In the broadest terms, as the name implies, microparticles or microspheres are defined as 
small spheres made of any material and sized from about 10 nm to about 2000 Φm. The term 
nanospheres is often applied to the smaller spheres (sized 10 to 500 nm) to distinguish them from 
larger microspheres. Ideally, microspheres are completely spherical and homogeneous in size (Figure 
1A), although particles less homogeneous in size and shape are generally termed microspheres as well 
(Figure 1B). Depending on the preparation method and material used, microspheres show a typical 
size distribution which often deviates from the mono-sized ideal (Figure 1C). The category of 
microparticles also includes colloids which are crystallized, insoluble conglomerates of defined 
chemical composition, liposomes which are phospholipid vesicles, and naturally occurring particles 
such as red blood cells or leukocytes. When discussing general points in this review, the entire group of 
microparticles will simply be referred to as Αmicrospheres≅. Larger molecules such as antibodies or 
peptides are also occasionally included in this group but will not be considered in this review. The 
therapy of tumors using radiolabeled antibodies, i.e. radioimmunotherapy, or radiolabeled peptides, has 
been nicely described by Wilder (1) and Papatheofanis (2). 

 
Figure 1: Microspheres for the delivery of radioactive isotopes. A) Spherical glass microspheres 
containing the two β-emitters 186Re and 188Re. B) Carbon-iron microspheres labeled with radioactive 
99mTc. C) Poly(lactic acid) microspheres labeled with 188Re. 
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Applications and in vivo fate of microspheres 
The largest application for microspheres in medicine is drug delivery. Sales of advanced drug delivery 
systems in the U.S. alone exceeded $13 billion in 1997, and are expected to increase. The medical uses 
of particulate drug delivery systems cover all areas of medicine such as cardiology, endocrinology, 
gynecology, immunology, pain management and oncology. Most of the advanced drug delivery 
systems utilize microspheres or microcapsules for the encapsulation of drugs and proteins (see Table 
1). The drug-loaded microspheres can be applied locally or delivered to the target area after 
intravenous injection by either passive means (e.g., trapping by size) or active means (e.g., magnetic 
targeting). From the target area, the encapsulated drug is slowly released over the desired time period, 
the length of which is determined mainly by the drug's biological half-life and its release kinetics from 
the microsphere matrix. This type of encapsulated drug delivery system has the advantage of protecting 
the encapsulated drug from the in vivo environment until time of release. Even very unstable 
substances such as growth hormones, interferon (3), or neuroactive peptides, (4) can be given in one 
daily dose instead of in several daily injections. Oral applications of very sensitive drugs such as 
insulin are also possible, as shown by Mathiowitz and others (5). 
Table 1: Medical applications of microspheres 

Mechanism Application (Examples) Microsphere Matrix (Examples) Reference 
(Reviews) 

Controlled drug delivery 
after local application 

Release of proteins, hormones and 
peptides over extended times 

PLA, PLGA, chitosan,  
polycyanoacrylate,  polyanhydride 

 (6) 

Oral drug delivery of easily 
degraded drugs 

Gene therapy with DNA plasmids; 
delivery of insulin, LHRH 

PLGA, styrene, 
polymethylmethacrylate 

 (7) 

Vaccine delivery Hepatitis, influenca, pertussis, ricin 
toxoid, diphteria toxoid; birth control 

PLGA, chitosan  (8,9) 

Drug targeting after 
intravenous / intraarterial 
application 

Passive targeting of leaky tumor 
vessels, active targeting of tumor cell 
antigens, magnetic targeting with 
microspheres 

Any biocompatible material; 
liposomes or erythrocytes 

 

Drug delivery without toxic 
side effects 

Tumor targeting with doxorubicin, 
treatment of Leishmaniasis 

PLA, PLGA, starch cyanoacrylates, 
etc.; (PEG-) liposomes 

 (10), (11) 

Specific cell labeling Stem cell extraction, bone marrow 
purging 

Magnetic polystyrene microspheres  (12) 

Affinity chromatography Isolation of antibodies in 
immunology, cell separation, toxin 
extraction 

Polymer resins such as Agarose-
polyacrolein, Sephadex (polymer 
supports) 

 (13) 

Adsorption of harmful 
substances in blood 

Hemoperfusion Agarose-PA, Sepharose, activated 
carbon, polyvinyl alcohol, 
polyacrylamide 

 (14) 

 

Particle agglutination tests 
(qualitative and quantitative) 

Diagnostic tests for infectious 
diseases (bacterial, viral, fungal Ψ); 
other tests in human diagnostics 
(growth hormones, FDP, Ψ) 

Polystyrene (latex), silica, 
superparamagnetic particles 

 (15) 
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Endovascular embolization Complex arteriovenous 
malformations in the brain; liver and 
other tumor treatment; management 
of life threatening hemoptysis and 
hematemesis 

Poly(vinylalcohol), glass, 
polyurethane, poly(2- hydroxyethyl 
methacrylate) 

 (16) 

Structure for cell growth Cell culture of adherent cells in large 
amounts, 3D tissue structures possible 

Gelatin, Sephadex, dextran, 
cellulose, collagen 

 (17) 

Abbreviations: PLA = poly(lactic acid), PLGA = poly(lactide-co-glycolide), PEG = polyethylene glycol 

The biodistribution and final fate of intravenously injected microspheres is highly dependent on their 
size and surface charge. Microspheres sized 10 to 30 Φm are larger than capillaries and will be trapped 
in the first capillary bed that they encounter. This effect is used for radioembolization therapy in which 
microspheres are injected into the artery that leads to the tumor of interest. Positively charged 
microspheres sized in the micrometer range are quickly taken out of the blood pool by the 
reticuloendothelial cells of the liver and spleen (18). Particles smaller than 0.1 Φm are able to pass the 
fenestration in the liver and may be able to target the hepatocytes, although most are still taken up by 
the liver's Kupffer cells. Negatively charged or neutral nanospheres such as small PEG-coated 
nanospheres or liposomes can evade this fast uptake and circulate in the blood system for up to several 
days (19). Over time, these long-circulating nanospheres will be concentrated in the tumor area because 
of the leaky capillary system of the newly growing tumor vasculature, which allows for extravasation 
of the nanospheres (20). A more active way of increasing the concentration of nano- or microspheres in 
the target tissue is to bind antibodies against the target cells on the nanospheres' surface (21). 
Alternatively, nanospheres, microspheres and colloids with a high affinity for white blood cells can be 
prepared. Such particles are rapidly taken up by the white blood cells and then concentrate in 
inflammatory regions because of chemotaxis and phagocytosis (22). Made radioactive, such 
nanospheres are useful for diagnostic (imaging) purposes, as well as for therapy. 

 

General properties of radioactive microspheres 
The subgroup of microspheres that is radioactive behaves and is generally used in a similar fashion to 
non-radioactive microspheres. But in addition to the matrix substance, which defines the microsphere 
and gives it its targeting properties in a desired tissue or organ, the radioactive microsphere also 
contains one or more radionuclide(s) that are intimately bound to it. 

Even in small concentrations, radioactive microspheres are able to deliver high radiation doses to a 
target area without damaging the normal surrounding tissue. The radioactivity, unlike drugs, is never 
released from the microspheres but acts from within over a radioisotope-typical distance. The effective 
treatment range in tissue is up to about 90 Φm (10 cell layers) for α-emitters, never more than 12 mm 
for β-emitters and up to several centimeters for γ-emitters.  
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Alpha-emitters 
Alpha particles are positively charged ions consisting of two protons and two neutrons, emitted during 
the radioactive decay of many nuclei with high atomic numbers. During decay, energy is released 
mainly as the kinetic energy of the α-particles. Since the path length of an α-particle with an energy of 
5 to 8 MeV is on the order of 40 to 80 Φm, the effective treatment radius is limited to several cell 
diameters from the atom that emits the particle, and nonspecific irradiation of distant tissues is 
eliminated. (23) The high linear energy transfer (LET) of such energetic particles (~100 keV/Φm) and 
the limited ability of cells to repair the damage to DNA from α-particle irradiation contribute to their 
extraordinary cytotoxicity. At low doses in the range of 1 to 2 Gy, α-radiation is about 5 to 100 times 
more toxic than γ- or β-radiation. Furthermore, α-particle mediated cell killing is insensitive to 
conditions of hypoxia, which are often found in necrotic tumors and may compromise the clinical 
efficacy of β-, γ- or x-ray radiation.  

The dosimetry of α-emitters is special since the dose deposition from the low-range α-particles must be 
considered on a cell by cell level. The normal approach of prescribing activity per gram of (tumor-
)tissue will not lead to meaningful results, because it is very difficult to distribute radioactive 
microspheres absolutely homogeneously. Microdosimetry with α-emitters has been expertly described 
by Humm (24). 

Most research with α-emitting radiopharmaceuticals and the first clinical trials in 1996 have involved 
antibodies labeled with 213Bi, 211At, 212Bi, 225Ac, 212Pb, 255Fm, 223Ra, and 149Tb (see Table 2). This 
work will not be covered here, but a comprehensive review of the so-called radioimmunotherapy with 
α-emitters is given by McDevitt (25).  
Table 2. Alpha-emitters useful for delivery in particulate radiopharmaceuticals 

Radioisotope Half-life α-yield Other radiation (keV) Range in tissue Production 
149Tb 4.13 h 17% β- (400 max.), γ (165, 352, 511) 28 Φm Accelerator 

211At 7.2 h 100% γ (77-92, 500-900) 65 Φm Accelerator 

212Bi 60 min 36% γ (727, 12%), β (2246 max, 64%) 70, 42, 87 Φm 224Ra-generator 

213Bi 45.6 min 100% γ (440, 28%), β (1420 max, 98%) 43 Φm 225Ra-generator 

223Ra 11.4 d 300% γ (0.031-0.45) 43 Φm 227Ac-generator 

225Ac 10.0 d 400% γ (0.037-0.187) 48 Φm 225Ra-generator 

255Fm 20.1 h 93.4%  63 Φm 255Es-generator 
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Beta-emitters 
In 1896, Henri Becquerel discovered β-decay, which is the commonly used name for β-- or negatron-
decay. During β-decay, a neutron in the unstable nucleus is transformed into a proton, an electron and a 
neutrino, which is an uncharged particle with undetectable small mass. Additionally free energy is 
produced and released in the form of kinetic energy and given to the electron and the neutrino. Since 
the free energy is distributed in an isotope-characteristic but random fashion to the β-electron and the 
neutrino, we will always measure a spectrum of electrons with different energies. An electron=s 
maximum energy Emax is measured when no energy transfer to the neutrino takes place (see Table 3). 
Each β-decay has its characteristic energy-spectrum, and the average energy is typically about a third 
of Emax. Passing through tissue, the ejected β-electrons interact with other (mainly water) atoms and 
lose energy, leading to excited and ionized atoms. These activated species (e.g., radicals) are 
responsible for therapeutic effects (e.g., DNA damage of cancer cells), but also for toxicity (damage to 
normal cells nearby). 

One of the first β-emitters used in particulate form for the treatment of lung tumors was 198Au-labeled 
microspheres (size 30-50 Φm) (26). Unfortunately, 198Au also emits high energy γ-rays. This led to 
higher than necessary radiation doses to the other organs as well as to hospital personnel. To avoid this 
exposure, the pure β-emitters 32P and 90Y have been favored during the last decade and have become 
the predominant radioactive isotopes for many therapeutic applications. Recently, however, it has been 
shown that a certain amount of low-energy γ-radiation can actually be useful for imaging, either during 
or after the application of the radioactive microspheres (27). During infusion, with the help of a γ-
camera or γ-detector, the surgeons are able to a) direct the radioactive microspheres and b) adjust the 
necessary amounts of radioactivity.  

Short-lived radioisotopes (Table 3) can be used to optimize radiobiologic aspects of therapy. 
Specifically, it has been shown that not only the total dose, but the dose-rate is very important for the 
treatment outcome in radiotherapy (28). Short-lived radioisotopes such as 165Dy or 188Re pack the 
"punch" into a much shorter time-period, allowing less time for tumors to recover and grow back. 
Although much more research is required in this area, many of the radioactive β-emitting lanthanides 
are seen as promising candidates for local or directed radiotherapy, with microspheres serving as the 
delivery system. 
Table 3. Beta-emitters useful in particulate radiopharmaceuticals 

Radioisotope Half-life Average / max. 
beta-energy* 

Max. range 
in tissue 

X90^ Gamma-lines Production 

3H 12.3 y 5.7 / 18.0 keV   none 6Li(n,α)3H 

14C 5730 y 49.5 / 156.0 keV   none 14N(n,p)14C 

32P 14.3 d 694.9 / 1710.2 
keV 

8.7 mm 2.2 mm none 32S(n,p)32P or 
31P(n,γ)32P 

90Y 64.1 h 933.6 / 2280.0 
keV 

12.0 mm 2.8 mm none 90Sr/90Y generator 

131I 8.0 d 181.7 / 806.9 keV 2.4 mm  364.5 keV 
(81.2%) 

131Te (β-) 131I 

153Sm 46.5 h 224.2 / 808.2 keV 3.0 mm 0.7 mm 103.2 keV 
(29.8%) 

152Sm(n,γ)153Sm 
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165Dy 2.3 h 440.2 / 1286.7 
keV 

6.4 mm 1.3 mm 94.7 keV (3.6%) 164Dy(n,γ)165Dy 

166Ho 26.8 h 665.1 / 1853.9 
keV 

10.2 mm 2.1 mm 80.6 keV (6.7%) 165Ho(n,γ)166Ho 

169Er 9.4 d 99.6 / 350.9 keV 1.0 mm  < 0.2% 168Er(n,γ)169Er 

177Lu 6.7 d 133.3 / 497.8 keV 1.7 mm  113.0 keV (6.4%) 
208.4 keV 
(11.0%) 

176Lu(n,γ)177Lu 

186Re 89.2 h 346.7 / 1069.5 
keV 

5.0 mm 1.0 mm 137.2 keV 
(9.42%) 

185Re(n,γ)186Re 

188Re 17.0 h 764.3 / 2120.4 
keV 

11.0 mm 2.1 mm 155.0 keV 
(15.1%) 

188W/188Re 
generator 

198Au 2.7 d 311.5 / 960.7 keV 4.4 mm 0.9 mm 411.8 keV 
(95.5%) 

197Au(n,γ)198Au 

*NuDat database (29); ^ Distance in tissue within which 90% of dose is deposited (30) 

The dosimetry of β-emitting radioactive microspheres depends on the application. In the simplest case, 
when the radiopharmaceutical is distributed homogeneously throughout the target (tumor) area, the 
MIRD scheme is used (31,32). MIRD calculations can be done on a PC [using a program provided free 
to the interested user] (33). Harbert's calculations are used when the radiopharmaceutical is in a plane 
from which it irradiates the tissue (34) (Appendix K). This approach is, for example, appropriate in the 
treatment of cystic brain tumors or in radiosynovectomy (see below). Dosimetric modeling using 
Monte Carlo simulations can be used for microspheres of different sizes and different β-emitters (35-
37). 

 

Gamma-emitters 
A large group of radioisotopes emits γ-rays during decay. Gamma rays represent excess energy that is 
given off as the unstable nucleus breaks up and decays in its efforts to reach a stable form. The energy 
is emitted in the form of electromagnetic radiation (photons), with a radioisotope-characteristic photon 
energy typically expressed in kiloelectron volts (keV). Photons are absorbed in biological material by 
both the photoelectric and Compton process, and then indirectly ionize the surrounding atoms, 
producing chemical and biological changes. Most γ-emitters are used primarily for diagnostic purposes 
and those used in nuclear medicine (Table 4) were chosen so that a) their γ-ray energy is not too high 
(radiation safety concerns) and matches the γ-camera, b) their half-life is practical and logistically 
feasible, c) they are easily available and inexpensive, and d) they can be bound to microspheres in an 
easy (kit) and stable fashion. 
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Table 4. Gamma-emitters used in particulate radiopharmaceuticals 

Radioisotope Half-life Gamma lines (Efficiency) Production 
51Cr 27.7 d 320 keV (10%) 50Cr (n,γ) 51Cr 

67Ga 78.2 h 93 keV (40%) 
184 keV (20% 
300 keV (17%) 
393 keV (4%) 

68Zn (n,p) 67Ga 

99mTc 6.0 h 140 keV (89%) 99Mo/99mTc-generator 

111In 2.8 d 171 keV (90%) 
245 keV (94%) 

111Cd (p,n) 111In 

123I 13.2 h 159 keV (83%) 
528 keV (1%) 

121Sb (α,2n) 123I 

125I 60 d 35 keV (7%) 
27-32 keV x-ray (140%) 

124Xe (n,γ) 125Xe 
125Xe _ 125I 

  

Preparation of radioactive microspheres 
Microspheres can be made radioactive (= radiolabeled) either during or after their preparation. 
Although the former method is still more commonly used in medicine, the latter is preferred, especially 
for shorter-lived radioisotopes, because it is compatible with kit formulation. In this case, the 
microspheres can be stored for extended periods of time as part of a sterile nonradioactive kit and then 
be radiolabeled by the radiopharmacist in the nuclear medicine department shortly before use. 
Radiochemical stability problems are in this way minimized and logistical problems inherent to the use 
of radiopharmaceuticals avoided. 

Depending on the particles, it is possible to enclose the activity, label throughout the entire volume, or 
label only certain structures, such as the surface, the outer or inner wall, the lipophilic or hydrophilic 
liposome compartment (Figure 2). The binding of radioactivity to particles can be done by covalent 
bonds, by chelation, by adsorption processes or by indirect means as, for example, avidin-biotin bonds 
which can bridge the microsphere and the radioisotope. In all these cases, in vivo biodegradation 
processes and reversible isotope exchange processes can lead to instability and release of the 
radioisotope into the immediate surrounding. Regarding biodegradation processes, the microsphere's 
building material might undergo rapid ester-bond cleavage depending on the target organ's enzymatic 
activity or the locally produced radiation. The cleavage of covalent bonds can be beneficial in drug 
targeting if it takes place in the target organ. For example, the lysosomal in vivo activation of an 
inactive prodrug into the effective drug as shown with polymers binding daunomycin or puromycin 
(38), is a precondition for pharmacological action. In the case of radioactive microspheres, however, 
absolutely no degradation is wanted until complete decay of the radioisotope. 
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  Figure 2. Depending on the particle type shown in this schematic drawing different compartments of the 

particles can be radiolabeled. A) Nonporous and porous microspheres or nanospheres. B) Reservoir and 
monolithic (matrix) microcapsules, C) Different types of liposomes. 

Radiolabeling during the microsphere preparation 
Colloids were the first microspheres to be radiolabeled during preparation. They are a unique class of 
radioactive microspheres (Table 5) that consist entirely of the defined inorganic compounds of a 
radioisotope which have precipitated into relatively homogeneous particles. The size range of colloids 
depends mostly on the preparation conditions such as temperature and pH and on the form of the 
precipitating agent. Sulfur colloids with 99mTc, for example, can be made in the size of 80 to 100 nm by 
treating a boiling acidic 99mTc pertechnetate solution with H2S gas. Alternatively, sodium thiosulfate 
can be added to the radioactive solution, but the size distribution of the mixed colloid of Tc2S7 and 
sulfur is then much broader, from 80 to about 2000 nm (39). Other useful colloids are the hydroxides 
and oxides of 99mTc and 113mIn prepared by coprecipitation with ferric hydroxide (40) and the oxides of 
99mTc prepared by coprecipitation with Sn(II) (41). 

One method of microsphere preparation which facilitates the production of homogeneously sized 
albumin microspheres that incorporate many different kinds of radioactive colloids was first described 
by Zolle et al (42). The method consists of first transforming a radioactive substance into a precipitate, 
mixing it with an aqueous solution of albumin and then injecting it into a stirred solution of cotton seed 
oil. The fine dispersion of albumin droplets then forms spheric and stable albumin particles tightly 
enclosing the radioactive compounds after heating the mixture above 100 ΕC. 

Microspheres made from or with proteins, such as the above albumin microspheres, always contain 
tyrosine and histidine. Their phenole- and imidazole-rings can be easily iodinated using methods such 
as the chloramine T, the iodogen, the Bolton-Hunter or the iodo-bead method, to name just a few. A 
very good review that describes these techniques in detail is available from Amersham (43). Another 
way of achieving iodinated microspheres is to radioiodinate the compound that will be incorporated 
into the microspheres during their formation. Yang et al. made radioactive PLA-microspheres by first 
labeling the contrast agents ethyliopanoate and ethyldiatrizoate, which were to be incorporated, with 
131I, dissolving them together with the polymer PLA in methylene chloride and then preparing the 
microspheres by a solvent evaporation method (44).  

As with radioactive microspheres, radioactive liposomes can be made by adding radioactive 
compounds during their formation. Unilamellar liposomes of 70 nm diameter have been prepared by 
mixing the lipid-soluble radioactive complex oxodichloroethoxy-bis-
(triphenylphosphine)186rhenium(V) with phospholipids and the detergent sodium deoxycholate, 
followed by detergent removal on a small gel filtration column (45). Such biocompatible 186Re-
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liposomes can be used to deliver therapeutic radiation doses for radiosynovectomy (see below). 
Table 5. Methods of preparing radioactive microspheres in which radiolabeling is done during formation of the 
microspheres. 

Method of Labeling Examples References 

Colloid precipitation 99mTc sulfur colloid 
113mIn ferric hydroxide colloids 
165Dy-FHMA  (~5 Φm) 
Chromic 32Phosphate (1-2 Φm) 

 (39) 
 (40) 
 (46) 
 (47) 

Inclusion of radiolabeled 
compound 

99mTc-HSA-gelatin microcapsules 
131I-ethyldiatrizoate-PLA microspheres 
125I-iododeoxyuridine-PLGA microspheres 
125I-HSA magnetic albumin microspheres 

 (48) 
 (44) 
 (49) 
 (50) 

Isotope exchange 211At-microspheres 
14C-, 35S- and 3H-labeling 

 (34) 
 (51) 

Lipophilic inclusion 186Re/188Re-triphenylphosphine-liposomes  (45) 

In situ production 99mTc-Buckminster fullerenes (C60 or C80) or aggregates 
thereof (Technegas) 

 (52) 

Abbreviations: FHMA = ferric hydroxide macroaggregates, HSA = human serum albumin 

A relatively recent development in the preparation of radioactive particles is the in situ production of 
99mTc-particles in a Technegas generator (52). The 99mTc-pertechnetate is pyrolized together with 
carbon at 2500 ΕC and forms not only Buckminster fullerenes (C60 to C80) each enclosing a technetium 
atom, but also agglomerates of graphite and technetium. 

 

Radiolabeling after the microsphere preparation 
Compared to radiolabeling during microsphere preparation, methods of radiolabeling already prepared 
microspheres are conceptually more straightforward. Spherical anion or cation exchange resins of 
different sizes are examples of microspheres which can be radiolabeled with ionic radionuclides (Table 
6). The resins can be loaded with labeling efficiencies generally exceeding 95% by simple incubation 
in saline or aqueous buffer solutions containing the radioisotope. Their stability, however, has to be 
evaluated carefully, since not all resins have the capacity or the binding affinity necessary to bind 
radioisotopes such as 90Y3+. Yttrium is a radioisotope that will, in its ionic form, be taken up easily by 
the bone marrow where it will remain until complete decay, leading to severe toxicity 
(myelosuppression). It is thus of utmost importance that bound 90Y not be released in vivo. It has been 
found that of the cation-exchange resins Bio-Rex 70, Sephadex SP, Chelex 100, AG 50W-X8 or 
Cellex-P, only Bio-Rex 70 was able to provide the stability needed for 90Y-radioembolization in vivo 
(53). Other ion-exchange resins have been used for the adsorption of negatively charged radioisotopes. 
Pertechnetate, 99mTcO4

-, for example, has been adsorbed to 300 Φm-large Dowex 1-X4 beads (54). 
Even larger 1 mm Amberlite 410 resin pellets were labeled with pertechnetate in the same way (55) 
and have been used for GI transit studies. Chromate, 51CrO4

3-, has been adsorbed to Dowex 1-X8 sized 
10 to 50 Φm and used for the measurement of mucociliary functions (56). 
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Table 6. Methods of preparing radioactive microspheres from preformed, non-radioactive microspheres 

Method of Labeling Examples References 

Radiolabeling by ion exchange Anion- and cation-exchange resins: 
BioRex 70 loaded with 90Y 
Dowex 1-X4 loaded with 99mTcO4

- 
Dowex I-X8 loaded with 51CrO4

3- 

 
 (57) 
 (54), (55) 
 (56) 

Chelation (complex formation) of the 
radioisotope 

111In-DTPA-albumin microspheres 
68Ga-DTPA-albumin microspheres 
99mTc-polystyrene latex microspheres 
186Re-polycysteine/polylysine microspheres 

 (58) 
 (59) 
 (60) 
 (61) 

Isotope exchange with 131I, 125I and 211At 131I-Mitomycin C gelatin microspheres  
131I-albumin microspheres 
211At-methacrylate microspheres 

 (62)  
 (58) 
 (63) 

Neutron activation (typically n,γ-reaction) 90Y-glass and 32P-glass microspheres 
186Re/188Re-glass microspheres 
166Ho-glass microspheres 
166Ho-PLA microspheres 
186Re/188Re-PLA microspheres 

 (64) 
 (65) 
 (66) 
 (67,68) 
 (69) 

Reduction to insoluble, colloidal compounds 99mTc-Sn PLA microspheres  (70) 

Affinity to microsphere material 186Re-HEDP bound to hydroxyapatite microspheres 
153Sm-citrate bound to hydroxyapatite microspheres 

 (71) 
 (71) 

Abbreviations: DTPA = Diethylenetriamine pentaacetic acid 

Many different functional groups such as -OH, -NH2, -SH and -COOH are used to bind specific drugs, 
radiolabeled chemicals, and chelators to microspheres, and to introduce other functional groups for 
further derivatization. These chemical modifications are possible before microsphere preparation, but 
are more commonly performed afterwards. For example, the chelator DTPA (Figure 3) has been bound 
via an amide bond to albumin microspheres using one of the DTPA's carboxyl groups (58). Such 
microspheres are quite versatile, since DTPA is able to chelate not only 111In, but also 90Y, 99mTc, 166Ho 
and many other lanthanides. Currently, the two most stable and most often used chelators able to bind 
diagnostic and therapeutic radioisotopes are DOTA and MAG3 (see Figure 3). DOTA (= 1,4,7,10-
tetra-azacyclododecane N,N',N'',N'''-tetraacetic acid) is able to complex 212Bi (72) and has also been 
shown to chelate 90Y and 111In with better than 99% stability over 2 weeks (73). MAG3 (= 
mercaptoacetylglycylglycylglycine) is able to complex the radioisotopes from group VIIB, 186Re, 188Re 
and 99mTc (74) at almost 100% stability in serum over 24 hours (75). 

N

N

N

COOH

COOH

COOH

COOH

HOOC

R

 
DTPA-R 

N N

N N

COOH COOH

COOHCOOH

R

 
DOTA-R 

 
Tc-MAG3 

Figure 3. Typical chelators used to complex diagnostic and therapeutic radioisotopes 111In, 90Y, 212Bi, 186Re, 188Re and 
99mTc, among many others. 
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The radiolabeling of microspheres with chelator-groups on the surface typically involves an incubation 
with the radioisotope of between 5 and 60 minutes, at temperatures of 20 to 100 ΕC. The labeling of 
DOTA or DTPA with 90Y, 111In or many other 3+-charged ions occurs directly at the optimal pH. The 
complexation of the +VII pertechnetate or perrhenate, however, additionally involves the reduction of 
technetium and rhenium to the +V or +IV state. Many different reducing agents such as NaBH4, 
Na2S2O4, H3PO2, hydrazine, ascorbic acid or electric reduction have been used, but the most common 
method is the use of SnCl2. The reduction and complexation of technetium, together with ways of 
developing it into kit form, has been well reviewed by Eckelman et al. and can be directly applied to 
many chelator-containing microspheres (76). 

Microspheres made from appropriate materials can also be labeled using functional groups such as 
reduced sulfhydryl-groups, alone or in combination with nearby carboxyl- and amine-groups. This 
method has been termed the Αdirect method≅ by chemists using it for the radioactive labeling of 
antibodies (77) and works especially well for microspheres made from proteins, such as the human 
serum albumin microspheres labeled with 188Re after reduction using Sn(II) (78). Other microspheres 
that bind radioactivity with stabilities sufficient for therapy are 90Y+3-labeled magnetic PLA 
microspheres with native carboxylic groups (79) and 99mTc-labeled polystyrene microspheres 
derivatized with poly(acryclic acid) in order to introduce carboxylic groups (60). 

 

Radiolabeling by neutron activation of pre-made microspheres 
A very effective way of preventing leakage of the radioactive isotope(s) from the microsphere is to seal 
the radioisotope into the microsphere matrix. The pre-made microspheres enclose the non-radioactive 
precursor of the radioisotope and are activated in a nuclear reactor by bombardment with thermal 
neutrons shortly before use (Table 6). The most stable matrix for this kind of microsphere activation is 
glass. Day and Ehrhardt pioneered such therapeutic radioactive microspheres (Figure 4) from 
aluminosilicate glass containing 17 mol% Y2O3 (80). The glass mixture was melted in a platinum 
crucible at 1600 ΕC, the annealed glass crushed and the splinters spheroidized by sprinkling them from 
above through an oxygen flame. During neutron-activation in the reactor, the non-radioactive 89Y 
captured a neutron and became the radioactive β-emitter 90Y. The leakage rate of the 90Y enclosed in 
the glass matrix was extremely low. Not more than 92 Bq were released from 50 mg of microspheres 
when activated to therapeutic activities of 11.1 GBq. Very similar glass microspheres have also been 
prepared enclosing rhenium, resulting in 186Re/188Re microspheres after neutron activation (65). 
Advantages of glass microspheres are their excellent stability, radiation resistance, insolubility and 
non-toxicity. Disadvantages include their high density (3.3 g/ml) which makes the complete injection 
through syringes and intravenous lines difficult, and their non-biodegradability which can lead to 
immunologic reactions. Research is ongoing, however, in the preparation of glass microspheres from 
biodegradable glass material such as lithium boride (81).  
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 Figure 4. Yttrium glass microspheres for neutron activation in a 

nuclear reactor in comparison with the size of a hair. 

The disadvantages of glass were overcome by the preparation of PLA-microspheres containing either 
an acetylacetone-complex of 165Ho (67,68) or small particles of metallic rhenium in its native form, 
185Re and 187Re (69) (Table 6). The stability of the activated 166Ho and 186Re/188Re-microspheres was 
sufficient for therapy (less than 1% of activity released within a week). The activation time of these 
poly(lactic acid) microspheres, however, is limited due to the radiolytic breakdown of ester bonds and 
must be characterized for each polymer-microsphere composition. Specifically, it has been found that 
activation of rhenium microspheres made from PLA with a molecular weight of 2000 for 1 hour at a 
neutron-flux of 5Η1012 n/cm2/sec produced 450 MBq 188Re and 78 MBq of 186Re. Longer activation 
times led to melting and polymer breakdown (69). The therapy of liver tumors which requires high 
specific activities is thus not possible with these 188Re/186Re-PLA-microspheres, but they could be used 
in local treatment of brain metastases or applied to incompletely resected tumor tissue after surgery. 
Recently, 166Ho-acetylacetonate-microspheres made from PLA with a molecular weight of 20,000 have 
been described (68). The authors reported that up to 1 hour of neutron-activation at a flux of 5Η1013 
n/cm2/sec was possible, yielding an activity of 20 GBq in 400 mg of microspheres. This activity would 
be sufficient to allow for their transport to the hospital and use in liver tumor patients on the following 
day. 
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In situ neutron capture therapy using non-radioactive microspheres 
Neutron capture therapy is an exciting bimodal tumor treatment concept originally proposed in 1936 by 
Locher (82). The first component of this therapy is the delivery to tumor cells of non-radioactive atoms 
or molecules either alone or packed into carriers such as liposomes or microspheres. The target nuclei 
have large thermal and/or epithermal neutron capture cross-sections and a resulting reaction having a 
large positive Q value. The aim is to attain a higher concentration of these nuclei in the tumor than in 
the surrounding normal tissue cells. The second component is the exposure of a selected patient volume 
to a neutron beam. During neutron capture in situ, excessive energy between the initial and final state 
of the reactive nuclei (the positive Q-value) is released either as the recoil energy of heavy particles 
(6Li, 10B) and α-particles, or as γ-rays (155Gd, 157Gd) (see Table 7). In the case of boron or lithium 
neutron capture, most of this energy is deposited in the tumor cell, since the range of the produced 
particles is less than 10 Φm. In the case of gadolinium neutron capture, energy is spread out more 
because of photonic interactions. Although the first clinical trials with neutron capture therapy were 
completed in the 1950=s, it took developments of the next 40 years to make this therapeutic approach 
very promising for cancer therapy (83). Developments included the synthesis of superior targeting 
compounds such as the sulfur containing boron compounds mercaptoundecahydrododecaborate (= 
BSH) or boronated porphyrins (= BOPP). 

In neutron capture therapy, boron and gadolinium are generally delivered intravenously, although their 
delivery is also possible via microparticles. Tokumitsu et al developed Gd-DTPA loaded chitosan 
microspheres of 4.1 ∀ 1.3 Φm for intratumoral injection (84,85). Boron can be delivered in a similar 
way by packaging BSH into liposomes with anti-carcinoembryonic antigen antibodies on their surface 
(86). Different boron compounds have been encapsulated not only in the aqueous compartment of 
liposomes, but also in their bilayer and attached to their surface and work in this area is ongoing (87). 
Table 7. Isotopes useful for neutron capture therapy. Their half-lives are zero. 

Isotope Reaction Q 
[MeV] 

Cross section 
σth [barn] 

Mode of energy 
deposition 

Range 
in tissue 
[Φm] 

Delivery vehicles 

6Li 6Li(n,α)3H 4.784 940 α - 2.105 MeV 
3H - 2.734 MeV 

< 10  

10B 10B(n,α)7Li 2.790 3837 α0 - 1.775 MeV 
α1 - 1.47 MeV 
7Li0 - 1.015 MeV 
7Li1 - 0.84 MeV 

7.2, 8.9 Liposomes containing BSH 
(86,88) 

155Gd 155Gd(n,γ)156Gd 11.452 61000    

157Gd 157Gd(n,γ)158Gd 7.937 254000   Chitosan microspheres; 
microcapsules containing 
Gd-DTPA (84,85) 
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Diagnostic uses of radioactive microspheres 
Diagnostic studies with radiopharmaceuticals include dynamic and static imaging and in vivo function 
tests. Dynamic imaging provides information about the biodistribution and pharmacokinetics of drugs 
in organs. Performed with a γ-camera, dynamic studies are generally carried out over a preset length of 
time and provide clues to the functioning of the organ being examined. Static imaging, on the other 
hand, provides morphological information about an organ such as its shape, location and size. 
Furthermore it allows the exact location of tumors to be determined. Static imaging, unlike dynamic 
imaging, is normally done at a single point in time, with the imaging time being dependent on the 
organ activity. In contrast to dynamic and static imaging, in vivo function tests do not require imaging. 
Instead they are evaluated by comparing an injected or swallowed amount of radioactivity to the 
measured radioactivity in urine or blood. 

All three types of diagnostic studies can be performed with radioactive microspheres which contain one 
or several γ-emitters that can be detected by a γ-camera. The first such "microspheres" in clinical use 
were red and white blood cells, which were taken from a patient, labeled with 111In or 51Cr, and then re-
injected. Red blood cells labeled with 51Cr are commonly used for the measurement of red blood cell 
mass and for imaging of the spleen. For the latter purpose, the red blood cells are denatured by heating, 
which renders them spheroidal and nondeformable, and makes them easy to take up by the spleen. 
Another common application of radiolabeled red blood cells is the accurate determination of total 
systemic arterial blood flow or venous return, as well as, for blood flow determination within specific 
organs (89). These blood flow parameters are important when drugs for the treatment of cardiovascular 
diseases are evaluated. White blood cells labeled with 111In-oxine are used for the detection of 
inflammatory diseases, abscesses or other infections. A less expensive method has been developed in 
which the neutral and lipophilic 99mTc-HMPAO complex is prepared from a kit and then incubated 
with the leukocytes (90). Platelets labeled with 111In are also used to detect actively forming deep vein 
thrombi, to measure blood flow, and to detect regions of infection (91). Radiolabeled blood cells are 
still used today, although pre-made radioactive microspheres containing several different γ-emitters 
(see Table 7) are easier to use and do not require time-consuming labeling procedures (92). 
Unfortunately, the radioactive microspheres of homogenous size are made from polystyrene and thus 
are not biodegradable, making them inappropriate for clinical use. 
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Table 7: Radioactive microspheres for diagnostic applications 

Application 

 

Type of radioactive microspheres used Particle size 

Gated blood pool study 111In- or 51Cr-labeled red blood cells 6-8 Φm 

Thrombus imaging in deep vein 
thrombosis 

111In-labeled platelets 
99mTc-macro-aggregated human serum albumin (MAA) 
99mTc-sulfur colloid 

0.5-1 Φm 
10-90 Φm 
0.05-0.6 Φm 

Blood flow measurements Polystyrene-microspheres labeled with the γ-emitters 141Ce, 
57Co, 114mIn, 85Sr, 51Cr, and others (animal experiments) 

10 Φm, 15 Φm 
(other sizes) 

Investigation of biodistribution 
and fate of (drug-loaded) 
microspheres 

3H, 14C-labeled microspheres (animal experiments) 
141Ce-polystyrene microspheres 

all sizes 
11.4 Φm 

Lung scintigraphy 99mTc-impregnated carbon particles (= Technegas) 
99mTc-macro-aggregated human serum albumin (MAA) 

50 nm 
10-90 Φm 

Diagnostic radioembolization 99mTc-macro-aggregated human serum albumin (MAA) 10-90 Φm 

Liver and spleen imaging 99mTc-macro-aggregated human serum albumin (MAA) 
99mTc-sulfur colloid 
99mTc-tin colloid 

10-90 Φm 
0.05-0.6 Φm 
0.05-0.6 Φm 

Bone marrow imaging 99mTc-sulfur colloid 
99mTc-antimony sulfide colloid 

0.05-0.6 Φm 
0.05-0.6 Φm 

Infection localization 111In-labeled leukocytes 
111In-labeled liposomes 
99mTc-labeled liposomes 
99mTc-albumin nanocolloid 

12-20 Φm 
20 nm Β 1 Φm 
20 nm Β 1 Φm 
<80 nm 

Tumor imaging 99mTc-labeled liposomes 
67Ga-NTA- or 111In-NTA-labeled liposomes 

20 nm Β 1 Φm 
65 nm 

Gastrointestinal transit studies 99mTc-sulfur colloid 
111In-labeled ion exchange resins 

0.05-0.6 Φm 
 

Local restenosis prevention in 
coronary arteries 

141Ce microspheres (preliminary imaging tests) 11.4 Φm 

For the diagnosis of pulmonary embolism, both the inhalation of small, radioactive 99mTc-carbon 
particles (Technegas) and the perfusion of the lung with 99mTc-labeled albumin particles are used. In 
the first case, Technegas behaves, due to the small particle size of less than 100 nm, much more like a 
gas than a radioaerosol and diffuses into the entire accessible lung volume. In the second case, 
macroaggregated albumin is mainly used for the quantification of shunts associated with 
intrapulmonary arteriovenous malformations and the diagnosis of pulmonary diseases such as cancer 
and hypertension (Figure 5). The diagnostic determination of shunts within an organ is generally done 
prior to using radioactive microspheres in radioembolization therapy (see below) (93) in order to 
prevent radiotoxicity to the lungs (94). The biological half-life of the albumin particles is only 1 to 3 
hours, so any therapeutic interventions can easily be performed afterwards. 
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Figure 5. Diagnostic lung imaging obtained after the injection of 99mTc-labeled macroaggregated albumin in 
different projections. The top row shows a normal lung and the bottom row the lung of a patient with multiple 
pulmonary emboli in both lobes of the lungs. 

For liver, spleen, bone marrow and lymphatic system imaging, colloidal microparticles, such as 99mTc-
sulfur colloids, are most useful (Table 7). To illustrate, Figure 6 shows the changes in a cirrhotic 
patient made visible by 99mTc-sulfur colloid. The lymphatic system can also be imaged or targeted with 
drugs through the use of  the poly(lysine) nanospheres (95). The ideal nanospheres for this purpose are 
10-30 nm, contain carbohydrate groups on the surface, and are able to bind the γ-emitter 111In via the 
covalently bound chelator DTPA. 

The radiopharmaceutical 99mTc-sulfur colloid is also used for gastrointestinal blood loss studies, for the 
preparation of a 99mTc-labeled egg sandwich for gastric emptying studies (39), and for the 
determination of esophageal transit and gastro-esophageal reflux. For colonic transit studies, 
radioisotopes with a half-life longer than 99mTc are more appropriate, and 111In-labeled ion exchange 
resins, but also 131I-cellulose are utilized (96). Latex-particles of 2.5 Φm size and labeled with 99mTc 
have also been shown to give excellent abdominal images (97). In all these gastrointestinal transit time 
studies, the size of the radiolabeled microspheres does not influence the measured times. 

Page 17 of 29 
 



 
Figure 6. Liver scintigraphy performed with 99mTc-sulfur colloid in different projections. The top row shows a 
normal liver, the bottom row the corresponding views of a liver from a patient with cirrhosis. 

Radiolabeled liposomes, another diagnostic class of radioactive particles, has been used for tumor 
imaging since 1977. In order to prolong the blood residence time and maximize tumor uptake, neutral, 
positively and negatively charged small unilamellar vesicles (= SUV=s) of 65 nm encapsulating 111In 
were made and their biodistribution measured in mice (98). The highest uptake of 18.5% of injected 
dose per gram of tumor was measured with the neutral liposomes. A further attempt to minimize the 
high blood-background radioactivity levels was to inject 67Ga- or 111In-labeled liposomes containing 
biotin groups on their surface and then chasing the non-tumor bound liposomes 2 hours later with 
avidin (99). This chase removed the unbound liposomes effectively from the circulation and the blood 
concentration of the radioactive liposomes dropped to a tumor-to-blood ratio of about 15 to 1 shortly 
after the avidin chase. The avidin-biotin-liposome conglomerates accumulated in the liver and 
increased the liver activity about 2.5 fold. 

Radiolabeled microspheres can also be used to image cancer lesions. An interesting application is the 
use of PLA-microspheres labeled with 131I-iopanoic acid derivatives for the imaging of liver tumors 
(44). The normal liver parenchyma lined with Kupffer cells takes up the microspheres, but the cancer 
lesions do not possess fixed macrophages and therefore exclude the radioactive microspheres, showing 
the focal lesions as defects. The recently introduced 99mTc-PLA microspheres which were radiolabeled 
in a SnCl2-containing kit could be used for the same application (100), although the stability described 
as "more than 80% bound after 6 hours" is not optimal yet. 

The in vivo faith of microspheres after intra-arterial catheter-mediated delivery through a porous 
balloon to a rabbit's femoral artery has been investigated with radioactive 141Ce-microspheres (101). 
Although only 0.14% to 0.16% of the microspheres were delivered to the vessel wall, an average of 
92% of these microspheres was still present 7 days later. In addition, much higher amounts of the 
microspheres were found in the periadventitia (the vessel's "outside") and the overlying musculature 
and are believed to be caused by the increase of vaso vasora present in atherosclerotic patients. 
Although the targeted amounts of microspheres are small, they can lead to drug concentrations a few 
hundred times higher than the serum concentrations, allowing for effective restenosis therapy with 
microspheres containing cytostatic or antiproliferative agents, especially from the periadventitia side. 
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Therapeutic uses of radioactive microspheres 
Many radiolabeled particles, microspheres and liposomes are appropriate for therapy once the 
encapsulated diagnostic radioisotope has been exchanged for a therapeutic one from the α- or β-emitter 
group. Typical uses in the last 20 to 40 years include local applications for the treatment of rheumatoid 
arthritis, liver tumors and cystic brain tumors. However, their use remains experimental because of 
smaller than expected target uptake, unwanted toxicity and insufficient treatment effects that have 
resulted from radiochemical instability and suboptimal biodistribution of the radiopharmaceutical. In 
addition, there exists a general negative attitude towards the use of radioactive substances in spite of 
proven superior results of many radiation therapies (102-104). What follows is a review of a few α-
emitter applications as well as the more established β-emitter therapies. 

Therapy with alpha-emitting microspheres 
Different α-emitters have been tested in ovarian cancer mouse models. Microsphere-bound 211At, for 
example, was applied in mice with ovarian cancer metastases and was found to be more effective than 
the β-emitting 32P- and 90Y-microspheres (63). It was, however, also shown that the amount of 
radioactivity had to be tailored carefully. More than 1 MBq of 211At per animal led to shorter survival 
times of the treated mice. This effect is very likely due to the instability of 211At which is highly toxic 
to the lymphatic tissue and thyroid gland when leakage occurs. First clinical trials with the same α-
emitter bound to albumin microspheres have been reported by Wunderlich et al. (105). The authors 
injected the microspheres into the arteries leading to tongue and larynx tumors. After 4 hours, 80% of 
the radioactivity was bound to the tongue and 12% to the lungs. The rest was found in the abdomen. 
The tongue tumor was completely ablated, and no side effects or recurrences were observed at 2 year 
follow-up. Another α-emitter, 212Pb, in the form of radioactive colloids (106) was also investigated in 
an ovarian cancer mouse model. Tumor necrosis and decrease in ascites was observed in a dose-related 
manner, with acute gastro-intestinal toxicity developing at the highest doses. The therapeutically 
effective radioisotope in these experiments was 212Pb=s daughter nuclide 212Bi (Table 2). 

To increase the limited range of α-emitters (see general properties of α-emitters), the 
radiopharmaceutical should be delivered close to the tumor from where it releases the radioisotope, 
allowing it to diffuse into the surrounding area. Ideally, the released radioactivity binds to the tumor's 
cell surface and not to the surrounding normal tissue, something that could be accomplished, for 
example, by pre-targeting the cancer cells with an antibody metallothionein bioconjugate. This 
approach has been tested in vitro with the biodegradable polymer mixture of PHEA (= α,β-
poly(hydroxyethyl)-D,L-aspartamide) and Pluronic enclosing 212Bi. Within 1 hour, the polymer began 
to resemble Swiss cheese, with its  many small holes of about 1 Φm in diameter (Figure 7). The size of 
the holes further increased, and after 2 days, more than 75% of the radioactivity had been set free 
(107). The polymer tested was in the form of a paste, but microspheric radiopharmaceutical delivery 
forms are also possible. This approach is limited by the diffusion distances of the radioisotope (108). In 
a chopped meat model, 212Bi has been shown to diffuse a maximum distance of 10 mm. It thus may 
only be useful for the treatment of very small tumors, metastases or leftover tumor cells from 
incompletely resected tumors. 
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Figure 7. Scanning electron microscopy picture of the biodegradable polymer PHEA/P immediately after 
preparation (left), after 1 hour (middle) and after 24 hours (right) at 37 ΕC in PBS pH 7.4. The bar to the right 
represents 1 Φm. 

Therapy with beta-emitting microspheres 
One of the first applications of β-emitting microspheres was the treatment of inaccessible tumors (109). 
In this approach termed radioembolization therapy, 20 to 50 Φm microspheres are injected into the 
artery leading to the tumor. Since the microspheres are larger than the newly formed capillaries in the 
tumor, they are trapped and become lodged in the tumor from where they irradiate the surrounding 
cancerous tissue with radiation doses 20 to 30 times higher than what is achievable with external 
radiation therapy. This approach, pioneered with 65Zn- and 198Au-microspheres by Müller and Rossier 
in Switzerland (26), was further investigated with 198Au- and 90Y-microspheres in many types of 
tumors by Ariel (110-112) and with 32P-resin microspheres by Caldarola and Dogliotti (113). Turner et 
al. investigated 166Ho-labeled cation exchange resins (114) and Hafeli et al. 186Re/188Re-labeled glass 
microspheres for the same application (65,115). Currently, radioembolization therapy is primarily used 
for the treatment of liver tumors, both hepatomas and liver metastases (116). Since liver tumors get 
most of their blood supply from their hepatic artery (117), the radioactive microspheres injected into 
this artery are preferentially flushed into the tumor. Radiochemically highly stable glass 90Y 
microspheres sized 25 to 35 Φm (Figure 4) are commercially available for the treatment of liver 
tumors in Canada and since June 1999 also in the United States (Theraspheresϑ; Nordion, Kanata, 
Ontario, Canada).  

Prior to radioembolization, a diagnostic step is generally performed in order to prevent arterial shunting 
in the liver. Arterial shunts can divert large amounts of the highly cytotoxic microspheres to the lungs 
and thus lead to pneumonitis (118). The diagnostic step consists of determining the "shunt index" by 
injecting 99mTc-labeled macro-aggregated albumin microspheres sized between 1 to 10 Φm and 
imaging their biodistribution. If less than 5% of the radioactivity shunts to the lungs, then β-emitting 
microspheres such as 90Y-glass microspheres (64) or 90Y-resin microspheres (27) are injected into the 
hepatic artery of the patient. The first results in a disease which carries a grave prognosis with a 
survival rate of less than 50% after 1 year are very encouraging. After intra-hepatic injection, the 
microspheres are preferentially taken up by the tumor at an average ratio of about 4 to 1 (tumor to 
normal liver ratio) (119,120). Very high radiation doses without side effects can thus be given. Treating 
7 patients with doses of 50 to 100 Gy, Houle showed that the larger doses are necessary for successful 
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treatment results (121), and doses between 80 and 150 Gy are now recommended. Further 
improvements in treatment outcome are possible by injecting the vasoconstricting agent angiotensin II 
immediately after the microsphere injection. Normal hepatic vessels are able to react by constriction, 
but the developing tumor capillaries are not. As a result, larger amounts of the microspheres are 
diverted to the tumor bed (113). The clinical results regarding radioembolization therapy have been 
described in detail by Harbert (109). 
Table 8: Radioactive microspheres for therapeutic applications 

Application Type of radioactive microspheres used Particle size 

Radioembolization of liver and spleen tumors 90Y-glass microspheres (Theraspheresϑ) 
186Re/188Re-glass microspheres 
188Re-Aminex A27 microspheres 
166Ho-Aminex A-5 microspheres 

25-35 Φm 
25-35 Φm 
20-50 Φm 
13 Φm 

Radiosynovectomy of arthritic joints 35S-colloid 
90Y-resin microspheres  

90Y-silicate, 90Y-citrate 
165Dy-ferric hydroxide macroaggregates 
169Er-citrate 

186Re-sulfur-colloid 
188Re-macro-aggregated albumin 

0.05-0.6 Φm 
20-50 Φm 
0.01-1 Φm 
2-5 Φm 
0.1-1 Φm 
30-50 nm 
10-20 Φm 

Local radiotherapy 90Y-labeled poly(lactic acid) microspheres 
165Dy-acetylacetone poly(lactic acid) microspheres 
166Ho-acetylacetone poly(lactic acid) microspheres 
186Re/188Re-labeled poly(lactic acid) microspheres 
211At-microspheres 
212Pb-sulfur colloid 
212Pb-ferrous(ferric) hydroxide 

1-5 or 10-50 Φm 
1-5 or 10-50 Φm   1-
5 or 10-50 Φm   1-5 
or 10-50 Φm 1.8 
Φm, 3-10 Φm 
<1 Φm 
<1 Φm 

Intracavitary treatment (peritoneal ovarian 
tumor metastases, cystic brain tumors) 

chromic 32P-phosphate 
90Y-silicate, 90Y-citrate 
198Au suspensions 

1-2 Φm 
0.01-1 Φm 
5-25 nm 

Another therapeutic application of β-emitting colloids and microspheres is the radioactive ablation of 
inflamed synovia in arthritic joints, which has been termed radiosynovectomy or sometimes 
radiosynoviorthesis. The first use of 198Au gold colloid for the treatment of rheumatoid arthritis in 
knees was reported in 1952 by Fellinger and Schmid (122). Their results were not very encouraging 
probably due to underdosing, but they did not give up and later confirmed the value of this treatment 
(123). Therapy with 198Au has the drawback of a 411 keV γ-emission. To overcome this drawback 
other β-emitters such as 186Re (124), 90Y (125), 165Dy (46) and 32P-colloids (126) have been 
investigated. Today, the choice of the radioisotope is entirely based on the size of the joint and the 
radioisotopes= treatment range (for example, 90Y and 188Re for knee and shoulder, and 186Re and 169Er 
for finger or elbow) (Table 8). Traditionally used radioactive colloids are not ideal because their small 
particle size and large size distribution lead to radiation leakage from the joint (126,127). Higher than 
desired leakage has also been measured in liposomes filled with 99mTc (128) and in liposomes that 
contain the chelating DTTA-group covalently bound to cholesterol (129). In the second case, the 
chelator was incorporated into the liposomes' phospholipid-wall during preparation and was then able 
to bind different radioisotopes such as the β-emitter 177Lu (Table 3) and the γ-emitter 67Ga (Table 4). 

More radiochemically stable and better-defined microspheres of about 5 Φm seem to be optimal for 
retention in joints. Many of the recently developed microspheres such as biodegradable glass 
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microspheres containing 153Sm, 166Ho, 90Y, 165Dy, 186Re or 188Re (130), 188Re-labeled albumin 
microspheres (78), 166Ho- or 165Dy-enclosing biodegradable poly(lactic acid) microspheres (67,131) 
and 90Y- or 186Re/188Re-enclosing biodegradable poly(lactic acid) microspheres (79,132) can be 
produced in the appropriate size, will biodegrade after complete decay and can easily be made 
radioactive. More information about radiosynovectomy is available in an extensive review written by 
Harbert (133). It covers the medical applications and procedures in detail. The radiation dosimetry of 
radiosynovectomy is covered by Johnson et al. (30). 

Another important area for β-emitting microspheres is their use in the local treatment of tumors. The 
delivery of these radioactive microspheres has been attempted in several ways. In one of them, 
radioactive microspheres are directly injected into the tumor. Wang et al., for example, radiolabeled ion 
exchange resin microspheres with 188Re and injected them directly into rat hepatomas (134). Twelve 
out of 15 rats survived longer than 60 days in the treatment group, as compared to 5 out of 15 rats in 
the control group. In another novel method for the treatment of solid tumors, Order et al. combined 
embolization therapy and local radiotherapy, injecting first non-radioactive macro-aggregated albumin 
microspheres followed by colloidal 32P-chromic phosphate (135). The blockage of the capillaries 
induced before the 32P-injection resulted in a 3-fold increase of colloid uptake, an effect that lasted for 
at least 48 hours. This technique has been tested in a first clinical phase I trial for the treatment of non-
resectable pancreatic cancer (136). Four patients had a complete response with a duration ranging from 
2-57 weeks and 5 patients had a partial response with a duration ranging from 4-21 weeks, 
corresponding to an objective response of 53% (9 of 17 patients). Six of these patients were alive 33-57 
weeks after treatment.  

At the current time, there is only one approved application for radioactive microspheres in the United 
States (137). It is the use of 32P-chromic phosphate colloid for the treatment of cystic brain tumors such 
as craniopharyngiomas and astrocytomas. The radiocolloid is typically instilled using stereotaxic 
equipment, either with or without surgical resection or drainage of the cyst. There exists persuasive 
evidence that this therapeutic approach is as or more efficacious than conventional methods not only 
for patients with recurrent malignancies, but also for patients receiving primary radiocolloid therapy 
(138). Radioactive glass- and poly(lactic acid)microspheres containing a mixture of 186Re and 188Re 
have recently been incorporated into a bioadhesive gel of either carboxymethyl cellulose or fibrin glue 
and applied to the surface of growing rat 9L-glioblastomas (139). The control group=s survival was 18 
days, whereas 4 out 6 of the treated animals were still alive on day 35, which represented the end of the 
experiment (Figure 8). The amount of radioactive 186Re and 188Re injected was less than 50 ΦCi 
combined. The surviving animals showed no signs of toxicity and had not lost any weight. Such 
microspheres are now planned for a clinical phase I trial of the treatment of recurrent brain tumor 
metastases intraoperatively after debulking. This therapeutic approach looks especially promising 
because the likelihood of local recurrence in these patients is very high (140), and the local radiation 
with β-emitters could be done in addition to chemotherapy or whole brain irradiation without risking 
undue toxicity.  
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Figure 8. Treatment of 9L-glioblastoma brain tumors in Sprague Dawley rats. The treatment and toxicity group 
received 50 ΦCi 186Re and 188Re in 0.5 mg glass microspheres contained in 30 Φl of fibrin glue.   

Radioactive microspheres filled with magnetite and radiolabeled with the β-emitter 90Y can also be 
used for targeted cancer therapy. This has been shown with 30% magnetite-containing poly(lactic acid) 
microspheres sized 20 to 30 Φm that were injected intraperitoneally into C57BL6/N mice and targeted 
to a subcutaneously growing EL-4 murine lymphoma of about 0.5 g (141). The injection of 
microspheres took place inside the peritoneal cavity as far from the tumor as possible. After injection, a 
round, 2 mm thick rare earth magnet with a diameter of 10 mm was taped directly above the tumor. 
The magnetic field on top of the magnet was 0.12-0.16 Tesla. A dose dependent decrease in tumor size 
was observed after the 7 day treatment period (Figure 9). Close examination revealed that 3 out of 4 
tumors in the 80 Gy group and 2 out of 4 tumors in the 120 Gy group were completely eradicated, but 
that the remaining 1 or 2 tumors, respectively, had grown. It was precisely these tumors that had 
initially been found to be oblong or flattened out, thus causing the magnetic microspheres to be 
concentrated farther than 5 mm away from the edges of the tumor. Considering that 90% of the dose of 
90Y is deposited within 2.8 mm (30), it follows that the tumor cells farther away were undertreated with 
the applied amount of radioactivity. The tumors which were not eradicated were therefore local 
treatment failures. 
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Figure 9. Treatment results of subcutaneous EL-4 lymphomas in mice after magnetic targeting of 90Y-PLA 
microspheres (n = 6). The numbers inside the bars represent the ratio of completely eradicated tumors to the 
total number of tumors.  

Considerations for the use of radioactive microspheres 
The recent surge in the evaluation and clinical testing of radiopharmaceuticals is closely related to the 
recent development of user-friendly kits which allow the user to prepare radioactive microspheres or 
other radiolabeled agents in a hospital=s radiopharmacy. These kits have served to reduce concerns 
about the safety, cost and handling of radioactive pharmaceuticals. Current manipulations needed in 
most kit preparations typically include the addition of a radioisotope, incubation for a predetermined 
length of time between 5 and 60 minutes, verification of the activity of the radiopharmaceutical by a 
simple measurement in a dose calibrator and, sometimes, a thin layer chromatogram for quality control. 
Ideally, the kit preparation leads to highly stable radioactive microspheres with no purification needed. 
Additional information is given by Saha in an excellent up-to-date introduction into the currently used 
radionuclides, radionuclide generators and radiopharmaceuticals in a nuclear pharmacy (142). Saha 
covers not only all technical aspects of a nuclear pharmacy, but also the radiation regulations and 
radiation protection aspects.  

Increased interest in radiopharmaceuticals is also explained by easier access to generator-produced α- 
and β-emitting radioisotopes. The β-emitter 188Re, for example (Table 3), can now be inexpensively 
obtained by any hospital radiopharmacy, in the form of a 188W/188Re generator from Oak Ridge 
National Laboratories. This generator contains the parent nuclide 188W with a half-life of 69.4 days 
permanently bound to an alumina column. Because of ongoing decay into the daughter-nuclide 188Re, 
hundreds of mCi of a sterile 188Re-solution can be eluted from the column every day over the course of 
about 3 months (143). Rhenium-188 is currently being tested in clinical trials for the radioactive 
treatment of restenosis (144), for local cancer therapy (134,145,146), for radioembolization therapy 
(147) and for radioimmunotherapy (148). 

Two of the most important parameters for the in vivo use of radiopharmaceuticals are their stability and 
target specificity. The stability can be improved by using more specific chelators and by attaching the 
chelators to the microspheres through a linker that does not interfere with their metal-binding 
properties. Many of these stability issues have already been optimized for radiolabeled antibodies (149) 
and can thus be directly applied to radioactive microspheres and their kit preparation. The second 
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parameter, target specificity, can be addressed by using additional surface chemistry to modify and 
functionalize the microspheres= surface. This allows for circulation time optimization and foreign body 
response minimization. In addition, more specific targeting of microspheres to areas other than the 
reticuloendothelial system (mainly liver and spleen) is possible, as well as the modification of the 
microspheres' adsorption behavior to blood proteins (150). 

Also important for the application of therapeutic radioactive microspheres is that the radioisotope be 
chosen for radiobiologic and dosimetric reasons. The target size should, for example, be matched with 
the radiation range of the radioisotope, thus maximizing the therapeutic effect and minimizing the 
toxicity (151). Also, dose rates should be taken into account and radioisotopes chosen so that dose rate 
and total dose deposited are optimal for the target lesion (152). These parameters are not yet well 
established, but are nevertheless important and should be investigated further. 

Another area for the optimization of radioactive microspheres is research into the most appropriate size 
of microspheres for in vivo application. It has long been known that differently sized microspheres of 
identical composition show different biodistribution profiles (153,154). In addition, for both diffusion 
and erosion release mechanisms, the release rate of the encapsulated drugs is theoretically dependent 
on the available surface area. Smaller microspheres with a much larger surface area should thus release 
their contents at a much faster rate with all the other parameters being equal. Unfortunately, no 
homogenous, mono-sized microspheres made from biodegradable materials are currently available.  

The use of radioactive microspheres is the basis of a large variety of well-established and original 
concepts for future biomedical, diagnostic and therapeutic applications. Optimally, radioactive 
microspheres should be combined with biologically active molecules such as proteins, peptides, 
hormones, lectins, and antibodies. This will allow for the diagnosis and treatment of many different 
diseases with microsurgical precision and will lead to better treatment concepts with fewer side effects. 
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