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The department of Nuclear Medicine of the University Medical Center Utrecht
started in the mid-nineties the development of holmium-166 loaded polymer-
based microspheres [9]. Cancer treatment with holmium-166 has obvious advan-
tages over other radionuclides applied for therapeutic purposes. Holmium-165 is
an element from the group of lanthanides with a natural abundance of 100 %
and can be neutron-activated to yield holmium-166 (a gamma and beta-emitter)
with a favourable half-life (26.8 h) for therapeutic applications [7,9]. The pho-
tons (80.6 keV, yield 6.2 %) allow visualisation with a gamma camera whereas
the beta-radiation (Emax= 1.84 MeV) is suitable for the local radiotherapy of
tumours.
Poly(L-lactic acid) microspheres loaded with holmium-165-acetylacetonate
(HoAcAc) can be produced using a solvent evaporation technique. The micros-
pheres are rendered radioactive with thermal neutrons in a nuclear reactor within
a period of hours. Although the molecular weight of the PLLA decreased due to
the neutron irradiation, the microspheres retained their integrity [10] and the
leaching of holmium-166 in urine and faeces of treated rabbits during 2 days
was less than 0.1% [11]. In vivo studies (rat) demonstrated that these micros-
pheres were successfully targeted to liver tumours; the tumour to normal liver
tissue ratio was about 6:1 [12]. 
The element holmium has a very high magnetic susceptibility [13]. This means
that the presence of holmium in human tissue affects the MRI signal. The result-
ant signal change is dependent on the holmium concentration, which allows
direct visualization of radioactive and non-radioactive holmium microspheres
and exploitation for dosimetric studies [14]. This phenomenon has been success-
fully applied in tumour bearing rabbits as well as in healthy pigs [15]. Holmium
microspheres were administrated via the hepatic artery and visualized with both
scintigraphy and MRI.
Before HoAcAc loaded PLLA-MS (Ho-PLLA-MS) can be clinically applied in
patients, the pharmaceutical quality of the microspheres must be well defined,
and in addition, the entire production procedure should be in compliance with
the Good Manufacturing Practice (GMP) regulations promulgated by the
European Agency for the Evaluation of Medicinal Products (EMEA) [16]. The
amount of residual solvents and endotoxins has to be limited and sterility must
be guaranteed. Furthermore, also a pharmaceutically acceptable suspending

1. Introduction
Of the one million patients diagnosed with colorectal cancer each year world
wide [1], more than half will develop liver metastases in the course of their
disease [2]. Untreated hepatic colorectal metastasis has a poor prognosis and is
associated with a median survival of 6–12 months [2]. It is estimated that only
20–30 % of patients with colorectal metastases will have isolated liver metasta-
ses and are candidates for curative liver resection [3]. The yearly incidence of
primary liver cancer is around 600,000, from which 82% are in developing
countries. These patients have also a very poor prognosis; the number of deaths
is 95 % of the yearly incidence [1].
When patients are not eligible for curative surgery alternative treatments have to
be applied. The most active and widely used chemotherapeutic agent for treat-
ment of primary liver cancer is doxorubicine. However, the overall partial res-
ponse rate is very poor, namely less than 20%, and only a small number of
patients can be cured using chemotherapy [4]. The standard chemotherapeutic
treatment for hepatic colorectal metastasis is a combination of 5-fluorouracil and
leucovorin. Again, the response rate is low (~25%), and a negligible number of
patients can be cured using this chemotherapeutic combination [5]. 
Alternative treatment options that have been developed are ultrasonograpy guided
radio-frequency ablation (RFA) and cryoablation. These are effective methods to
induce necroses of liver metastases with a size up to 4 cm in diameter. RFA is cur-
rently the most widely used method for ablation of unresectable liver metastases
and can be performed percutaneously, during laparascopy or laparatomy. However,
RFA is limited by the number, size and localization of the tumors [6].
Local radionuclide therapy of liver malignancies by use of radioactive micros-
pheres is a promising alternative therapy for patients that can not be treated by
surgery or ablation methods [7]. Local radionuclide therapy makes use of the
fact that liver malignancies are almost exclusively dependent on arterial blood
supply [8]. This is in sharp contrast to normal liver tissue, which receives most
of its flow from the portal vein [8]. Based on this difference in blood supply
between tumours and normal liver tissue, radioactive microspheres with a diam-
eter between 20 and 50 µm that are injected into the hepatic artery, will selec-
tively lodge in and around the tumours and as a consequence irradiate the sur-
rounding tissue [7].  
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vehicle for the microspheres has to be identified. Moreover, the administration
of Ho-PLLA-MS must not lead to toxic effects. In vitro and in vivo animal stud-
ies have to generate insight into their biodegradability and biocompatibility.
As mentioned, holmium-166 is a therapeutic radionuclide with a logistically
favourable half-life that can be produced easily, and which can be visualised
with both gamma cameras and MRI. These unique characteristics open the way
for the development of other holmium based particulate systems for imaging and
treatment of cancer.

2. Outline of this thesis
Chapter 2 gives an overview of the currently developed lanthanide loaded
microparticulate systems and their possible diagnostic and therapeutic oncologi-
cal applications. In Chapter 3 the surface characteristics of Ho-PLLA-MS
before and after neutron and gamma irradiation were investigated in order to get
insight into their suspending behaviour and to identify suitable surfactants for
clinical application of these systems. Chapter 4 describes the removal of resid-
ual chloroform from the microspheres since it was observed that relatively large
amounts of this solvent remained in the microspheres before neutron irradiation.
It is known that chloroform is susceptible for high-energy radiation, and there-
fore we investigated whether neutron and gamma irradiation could result in the
removal of residual chloroform in Ho-PLLA-MS by radiolysis. In Chapter 5 the
in vitro degradability and in Chapter 6 the in vivo degradability and biocompat-
ibility of Ho-PLLA-MS are investigated. Chapter 7 describes the aspects of the
production of a (relatively) large-scale GMP batch of Ho-PLLA-MS. 
Regarding its unique physical properties, holmium is also a very interesting ele-
ment for other diagnostic and therapeutic applications. Therefore, other particu-
late systems in addition to PLLA-microspheres were developed. In Chapter 8
the development of lanthanide loaded liposomes and in Chapter 9 the produc-
tion of holmium loaded alginate microspheres are described. Both lanthanide
loaded liposomes and alginate microspheres can be used for multimodality
imaging and radionuclide tumour therapy.
Chapter 10 concisely summarises this thesis and in a general discussion sugges-
tions for further research are given.
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1. Introduction
The rapid developments of clinical diagnostic imaging technologies, in combi-
nation with medical and pharmaceutical progress, have led to major advances in
healthcare. Imaging of biologic processes at cellular and molecular levels,
termed “molecular imaging”, is one of the most innovative examples [1]. The
development of highly sensitive contrast agents and radiopharmaceuticals will
make early detection of deviant biologic processes feasible. In contradistinction
to “conventional” diagnostic imaging with less specific and less sensitive con-
trast agents, the new agents set forth to probe abnormalities that are the basis of
diseases, rather than imaging the end effects of severe disorders. This will cause
a shift in the treatment options and possibilities of patients. It is expected that
much emphasis will be placed on diagnosing and treating early symptoms
before late symptoms occur, which demands a new category of therapeutic
strategies. To cope with these expectations, the development of innovative and
nanosized carrier systems for imaging agents is prerequisite. 
In recent years, it has been shown that advanced drug delivery systems such as lipo-
somes, polymeric microparticles and nanoparticles are able to substantially alter the
tissue distribution and pharmacokinetics of an associated drug. They are, therefore,
used to improve the therapeutic index of drugs by increasing their efficacy and/or
reducing their toxicity [2,3]. If these delivery systems are carefully designed with
respect to the aimed target site and route of administration, they may provide a solu-
tion for the delivery problems posed by new classes of macromolecular therapeutics
such as peptides, proteins and genes [4,5]. It would be a revolution when these sys-
tems could also be loaded with components that can be visualized with dedicated
imaging modalities such as magnetic resonance imaging (MRI), nuclear imaging
(for example single photon emission computed tomography (SPECT)), and comput-
ed tomography (CT) making image-guided drug therapy achievable [6,7]. When
these imaging techniques can be combined, real-time information about the tissue
distribution of these systems will be generated. Several elements from the lanthanide
group have very interesting physical properties (like their density and magnetic sus-
ceptibility) and, therefore, lanthanide bearing systems can be deployed for (multi-
modality) imaging [8], and radionuclide anticancer therapies [9]. This review gives a
survey of currently developed lanthanide-loaded microparticulate systems which are
under evaluation for cancer imaging and cancer therapy or a combination of these.

Abstract
The rapid developments of high-resolution imaging techniques are offering
unique possibilities for the guidance and follow up of recently developed sophis-
ticated anticancer therapies. Advanced biodegradable drug delivery systems, e.g.
based on liposomes and polymeric nanoparticles or microparticles, are very
effective tools to carry these anticancer agents to their site of action. Elements
from the group of lanthanides have very interesting physical characteristics for
imaging applications and are the ideal candidates to be co-loaded either in their
non-radioactive or radioactive form into these advanced drug delivery systems
because of the following reasons:
Firstly, they can be used both as magnetic resonance imaging (MRI) and com-
puted tomography (CT) contrast agents and for single photon emission comput-
ed tomography (SPECT).
Secondly, they can be used for radionuclide therapies which, importantly, can be
monitored with SPECT, CT, and MRI 
Thirdly, they have a relatively low toxicity, especially when they are complexed
to ligands.
This review gives a survey of the currently developed lanthanide-loaded
microparticulate systems that are under investigation for cancer imaging and/or
cancer therapy.
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molecular complexes distribute more homogeneously in the body and are essen-
tially excreted by the kidneys in a few hours [15]. 
The toxicity (TD50 and LD50 values) of the lanthanides was studied decades
ago in rodents. Their toxicity was dependent on the route of administration, their
chemical form and the used animal model. LD50 values of intravenously or
intraperitoneally lanthanide salts varied from about 50-500 mg/kg bodyweight.
Intravenous injection of soluble lanthanide salts can result in various pharmaco-
logical effects. The most important effects are the blocking of Kupffer cells
(probably due to the formation of lanthanide colloids) [16] and cardiovascular
effects (due to their Ca2+ similarity) [17]. After oral administration there are
hardly any toxic effects, due to the fact that there is no (or low) absorption from
the gastrointestinal tract [18-20]. 

2. Lanthanides in general
2.1 Chemistry
The lanthanide series are the 15 rare earth chemical elements that comprise lan-
thanum and lutetium. Their atomic numbers are between 57 and 71. Sometimes
yttrium (atomic number 39) and scandium (atomic number 21) are also catego-
rized in this group, due to their similarity in chemistry. Lanthanides are ele-
ments in which the f orbitals are partly or completely filled, while the outermost
p and d orbitals are empty. Since the f orbitals do not have as much effect on the
chemical properties as the p, and d, they are chemically very similar. The chemi-
cal characteristics of the lanthanides are dominated by their +3 oxidation state.
Despite the high charge, the large size of the lanthanide(III) ions results in low
charge densities and their bonding is predominantly ionic in character.

2.2 Biodistribution and toxicity
The lanthanides have no known role as tracer elements in living organisms.
Compared with heavy metals, their toxicity is relatively low, especially when
they are complexed to ligands [8]. Based on an analogy principle, the toxicity of
a metal ion is determined by its degree of deviation from the relevant essential
element as reference, which is Ca2+ in the case of the lanthanides [10,11].
Softness (according to the Hard and Soft Acid/Base theory [12]), covalence and
redox tendency are the most decisive among the factors determining how far a
metal ion deviates from Ca2+. The lanthanide ions are very close to Ca2+ in
these properties and their pharmacological effects originate from their deviation
in charge, radii and 4f orbital involvement. In general, the toxicity of lanthanides
decreases with increasing atomic number, probably due to a greater solubility,
and ionic stability, and smaller radius (see Table 1) [13]. 
The distribution and excretion of lanthanides in laboratory animals is well
known. When lanthanides are administrated intravenously as salts the main part
of the dose (around 60-80 %) accumulates in the skeleton and the liver. It has
been shown that the higher the atomic number of the lanthanide, the higher the
distribution ratio liver vs. bone (see Table 1). The remaining part of the injected
dose (up to 40 %) is excreted by faeces and urine and a minor part of the admin-
istered dose distributes to other organs [14]. When lanthanides are chelated with
organic ligands such as diethylenetriamine pentaacetic acid (DTPA) these 
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3.1.1 Liposomes
Liposomes are nano-sized vesicles (~50-500 nm) with an aqueous space sur-
rounded by a lipid bilayer. They are attractive drug delivery vehicles and can be
targeted to various tumour sites [25-28]. Liposomes have also interesting fea-
tures for diagnostic tools. In order to enhance tumour diagnosis with MRI,
amphiphilic gadolinium derivatives were synthesized and incorporated into the
liposomal bilayer. Examples of used chelators are DTPA, 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid (DOTA) or 1,4,7,10-tetraazacyclodode-
cane-1,4,7-triacetic acid (DO3A) [29] (see Fig. (1)). It has been shown that sur-
face modification of gadolinium-loaded liposomes with polymers like poly(eth-
ylene glycol) (PEG) improves their MRI properties (called relaxivity), probably
due the fact that more water and thus protons are associated with the membrane
of liposomes [30]. When an adequate tumour targeting of liposomes is reached,
the physiological circumstances in the tumour can be deployed to optimize the
MRI procedure. Because of the fact that the interstitial pH in tumours is lower
than in healthy tissue [31], pH sensitive liposomes were designed [31-34]. These
liposomes locally enhance the relaxation of the MRI signal at a lower pH due to
their destabilization at this low interstitial tumour pH whereupon the encapsulat-
ed MRI contrast agent is released into the surrounding tissue. 

A promising way to actively target liposomes to (tumour) tissues is the coupling
of so called homing devices, e.g. (fragments) of antibodies, to the surface of
liposomes. Mulder et al. [35] labelled an anti-E-selectin antibody to the distal

3. Imaging 
3.1 MRI
MRI is an important imaging modality that allows non-invasive diagnosis of
tumours because of the inherent contrast between soft tissues. The contrast
between the soft tissues results from a different response (relaxation) of the
MRI signal that originates from the protons (i.e. the water). It is well known
that the presence of paramagnetic ions locally alters the responses of the MRI
signal by affecting the relaxation behaviour of tissues. The elements europium,
gadolinium, terbium, dysprosium, holmium, erbium and thulium have a very
high magnetic susceptibility [21] (given in Table 2), creating local magnetic
field inhomogeneities that enhance the relaxation of the MRI signal. Recalling
that a different relaxation generally results in contrast, paramagnetic lanthanides
are used as MRI contrast agents [8,22]. Chelated gadolinium is used for the
detection of tumours and has proven its clinical value [23,24]. However, ade-
quate targeting of the contrast agent is necessary to create an observable MRI
signal. Therefore, advanced formulations were developed to deliver the contrast
agents in e.g. tumour tissue which in turn results in a locally high concentration
and thus in a more sensitive and specific MRI signal. 
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Fig. 1 Gd-(2-hydroxyhexadecyl)-DO3A, as synthesized by Gløgård et al. [29]



rats simultaneously with doxorubicin containing liposomes [6]. They concluded
that MRI-monitoring of CED, using these gadolinium-loaded liposomes, is an
important stipulation for clinical application of CED.
Due to the fact that tumour cells are more sensitive than healthy cells to heating,
hyperthermia is applied as tumour therapy [51]. These thermal therapies require
guidance and monitoring and therefore heat-sensitive liposomes were developed
[52-54]. These liposomes were designed to destabilize above a predetermined
critical temperature, called the gel-to-liquid crystalline phase transition tempera-
ture. Above this temperature (in case of hyperthermia) the incorporated gadolin-
ium diethylenetriaminepentaacetic acid bis(methylamide) is released into the
surrounding tissue fluid which results in a local enhancement of the detected
MRI signal.

3.1.2 Other nanosystems
Besides liposomes, also other gadolinium-loaded colloidal carriers have been
developed for MRI. Examples are solid lipid nanoparticles [55], artificial virus-
like envelopes [56] and even micelles (with a size below 50 nm) [57]. Micelles
consist of amphiphilic molecules which organize themselves spontaneously in 

end of PEG-chains of gadolinium containing liposomes (see Fig. (2)). These sys-
tems were successfully targeted (in vitro) to human umbilical vein endothelial
cells and can therefore be a useful diagnostic tool for the imaging of molecular
processes on endothelial cells. A very promising way of targeting diagnostics to
tumour tissues is the exploitation of over-expressed glucose transporters such as
the glucose receptor GLUT-1 [36]. Luciani et al. [37] included N-palmitoyl glu-
cosamine in the membrane of liposomes and loaded them with gadolinium by
entrapping gadobenate dimeglumine within the aqueous core of the vesicle.
They successfully targeted these systems to an implanted human prostate adeno-
carcinoma in mice after intravenous injection. The local gadolinium concentra-
tions were sufficiently high to apply adequate MR imaging, which make these
systems promising tools for tumour diagnosis [38].
The nanoscale size of liposomes makes them interesting candidates for a sentinel
node procedure [39]. This procedure is in general based on the principle that
nano-sized particles which are injected around solid tumours (like melanoma,
breast tumours etc.) drain to the lymph nodes. The particles are loaded with a
radionuclide and with a gamma camera and a hand held monitor the first lymph
node which receives lymphatic flow from a tumour site can be detected. This
lymph node (called the sentinel node) is subsequently surgically removed and
examined by microscopy. When this sentinel node contains tumour cells (is pos-
itive) a surgical procedure for the resection of the following lymph nodes (of the
lymphatic system) is required [40]. The sentinel node can also be detected using
MRI [41-44] with the advantage that MRI gives an anatomical reference and
that in some cases MRI is able to discriminate between positive and negative
lymph nodes [45,46]. Indeed, liposomes loaded with gadobutrol or gadolinium-
DTPA [30,47,48] were recently successfully used for the sentinel node proce-
dure.
One of the most difficult tumours to reach with macromolecular systems are
brain tumours and therefore convention enhanced delivery (CED) was devel-
oped [49]. CED is a method by which agents are directly infused into the central
nervous system (CNS). Mamot et al. [50] showed that CED of gadodiamide-
loaded liposomes in the CNS was feasible by monitoring the biodistribution of
these liposomes with MRI. In another study of the same group gadolinium-
labelled liposomes were infused into tumour (glioma and gliosarcoma) bearing
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Fig. 2 Schematic representation of a pegylated paramagnetic liposome that is composed of Gd-
DTPA-bis(stearylamide), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene glycol))-2000] and
has antibodies coupled to the distal end of the PEG-chains. Adapted from [35].

 



3.1.3 Polymer based systems
Polymers play an important role in the design of advanced drug delivery sys-
tems and many polymer-based MRI contrast agents have been developed so far.
One of the most frequently used polymers is the polysaccharide dextran. The
chelators DTPA and DOTA can be linked to the hydroxyl groups [61,62] of
dextran or they can be coupled via amide (to aminated dextran) [63] and ester
bonds [64]. Such systems are suitable for the detection of the lymphatic
drainage in the liver [65]. Other DTPA-modified polymers that have been used
for the coupling of gadolinium are poly(L–lysine) [66], inulin [67] and poly(L-
glutamic acid) [68]. The latter mentioned polymer was used for 3D MR imag-
ing of nude mice bearing human ovarian carcinoma. 
Gadolinium-DTPA has also been coupled to PEG for MRI contrast enhance-
ment and to prolong its circulation time [69,70]. Dafni et al. [71-73] used
gadolinium-DTPA-labelled albumin to visualize the lymphatic drain and peritu-
moural interstitial convection with MRI. The aim of their work was to deter-
mine if these processes were affected by vascular endothelial growth factor
(VEGF) induced hyperpermeability and their results in a mouse model indeed
revealed that there was a direct role for VEGF.

3.2 CT
Due to the fact that lanthanides have a very high density they can be deployed
as X-ray Computed Tomography (CT) contrast agents [74]. Krause et al. devel-
oped a lanthanide-based liver specific contrast agent for the detection of liver
tumours [75-78]. Dysprosium, gadolinium and ytterbium were coupled to
ethoxybenzyl diethylenetriamine pentaacetic acid (EOB-DTPA) and after intra-
venous injection of these contrast agents in rabbits, liver tumours were success-
fully detected with CT [75]. A comparable animal model was used by Vera et al.
[79] who synthesized a water soluble CT contrast agent by labelling dextran
with dysprosium-DTPA, and were able to detect implanted VX2-tumours.
Microparticles with a size between 1-4 µm consisting of glutaraldehyde
crosslinked albumin loaded with gadolinium oxide and gadolinium were pre-
pared by McDonald et al. [80]. The authors concluded that their particles were
suitable for multimodality imaging with both CT and MRI, although this was
not verified by animal studies.

an aqueous environment in particles with a hydrophobic core and a hydrophilic
shell. To associate gadolinium stably with micelles, amphiphiles consisting of a
hydrophilic chelating group and a hydrophobic tail are incorporated into
micelles. Gadolinium can then be coupled to the outside of the micelles which
give them a very high relaxivity. The used amphiphilic molecules are compara-
ble to those applied for the formation of liposomes (see Fig. (1)) [58,59].
Accardo et al. [60] designed a tumour specific micellar MRI contrast agent.
They coupled a cholecystokinin octapeptide (CCK8) using two oxoethylene
linkers and a glycine residue to a C18 tail (C18CCK8). Their CCK8 peptide has
a very high affinity for cholecystokin receptors which are overexpressed in
many tumour cells. Gadolinium was coupled to another C18 chain by a DTPA-
glutamate complex ((C18DTPAGlu)(see Fig. (3)). The micelles were not tested
in vivo yet, but in vitro measurements showed a very high relaxivity and thus
promising features for these systems. 
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Fig. 3 Schematic representation of a micel according to Accardo et al. [60]. 
Chain A represents C18H37CONH(AdOO)2-G-CCK8 abbreviated as (C18CCK8). 
Chain B represents C18H37CONHLys(DTPAGlu(Gd))CONH2 abbreviated as (C18DTPAGlu(Gd)).

 



pling of these nuclides to bone seeking phosphonates [94-98] and polyphospho-
nates [86]. Samarium-153-lexidronam is an example of a phosphonate [99] and
clinical trials have demonstrated that this agent was active in the relief of pain
associated with metastatic bone lesions derived from several tumour types
[100,101]. 
Lanthanides like lutetium were also complexed with chelator conjugated mono-
clonal antibodies that target tumour-associated antigens [90,91,102-104] or to
peptides like bombesin [83] and octreotide [84,105]. The latter mentioned pep-
tide was labelled with lutetium-177 and successfully applied in patients with
gastroenteropancreatic tumours [106,107].
Holmium-166 and dysprosium-165 are radionuclides that have been incorporat-
ed into microparticles or macroaggregates [9,108-132]. Microparticles can be
used for treatment of malignancies by direct injection into a tumour [129] or by
an embolization procedure [126]. Radioactive lanthanides can be directly
labelled to chitosan [129,130], resin [131] or ferric hydroxide macroaggregates
[108-111]. Lanthanides have also been incorporated into glass [112-115,132] or
polymer [9,117-121,123-128] based systems like microspheres which are neu-
tron activated after preparation of the lanthanide-loaded particles. Our research
group has developed polymer-based microspheres for radionuclide therapy of
liver malignancies [124]. Holmium-165-acetylacetonate (HoAcAc) was incor-
porated into microspheres of poly(L-lactic acid) (PLLA). These microspheres
were made radioactive with thermal neutrons in a nuclear reactor. Although the
molecular weight of the PLLA decreased due to the neutron irradiation, the
microspheres retained their integrity [124] and the leaching of holmium-166 in
urine and faeces of treated rabbits was less than 0.1% in 2 days [128]. In vivo
studies (rat) demonstrated that these microspheres were successfully targeted to
liver tumours; the tumour to normal liver tissue ratio was about 6:1. As shown
in Table 2, holmium has a very high magnetic susceptibility. This means that
the presence of holmium in human tissue affects the MRI signal. The resultant
signal change is dependent on the holmium concentration, which allows direct
visualization of radioactive and non-radioactive holmium microspheres and
exploitation for dosimetric studies [9]. This phenomenon has been successfully
applied in tumour bearing rabbits. Holmium microspheres were administrated
via the hepatic artery of the rabbit and visualized with both scintigraphy and
MRI (see Fig. (4))[9].

4. Imaging and Therapy
4.1 Radionuclides
A number of lanthanides are used as medical useful radionuclides [81-91]. A
summary of the physical characteristics of these radionuclides is given in Table
3. These isotopes can be produced by neutron irradiation in a nuclear reactor, or
with protons using an accelerator, or they can be obtained from a generator. As
shown in Table 3, all β-emitters from the group of lanthanides that are suitable
for cancer therapy also emit γ-rays. These γ-rays can in most cases (depending
on their energy) be used for imaging with a gamma camera to follow the biodis-
tribution and allow dosimetry. 
The radionuclides can be directly injected into tumours, e.g. melanoma, as sim-
ple salts like holmium-166 nitrate [92] or they can be chelated to agents like
DTPA and targeted to bone metastases [85]. Instead of ‘normal’ chelators,
fullerenes were used to create stable water soluble lanthanide systems by incor-
porating the metal ions into the carbon cage of the fullurene structure [93]. More
advanced targeting of radionuclides to bone metastases was achieved by cou-
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permeation and retention) [146-148]. Intravenous injection of gadolinium-
loaded lipid nanoemulsions into tumour bearing hamsters resulted in relatively
high tumour concentrations of gadolinium. Unfortunately, the gadolinium con-
centrations in liver and spleen were even higher [147], and it can therefore be
questioned if these particles are suitable for clinical application. Oyewumi et al.
[149-151] suggested that folate-coated nanoparticles could be delivered more
specifically to tumour cells. Human cancer cells overexpress folate receptors
and binding of folic acid modified nanoparticles to these receptors results in
receptor mediated endocytosis. Nanoparticles were made of polyoxyl 20 stearyl
ether and PEG-400 monostearate or emulsifying wax, and gadolinium was
incorporated as its acetonylacetonate or hexanedione complex. Folate was
linked to distearoylethanolamine and the resulting folate ligand was used for
coating of nanoparticles [149,151]. In vivo experiments with these folate coated
nanoparticles were done in tumour bearing mice. PEG coated nanoparticles
without targeting ligand were used as a control [150]. Both particles had a com

Whereas β-emitters are used for treatment of lesions with a size of a few mil-
limetres, α-emitters have the potency to be used for treatment of micro-metas-
tases [133]. Due to the short range of α-radiation (< 100 mm), the radionuclide
must be targeted into the tumour cells. Importantly, when successful targeting
has been achieved with an α-emitter loaded microparticle or nanoparticle, the
total radiation dose on healthy tissue will be lower than the dose of a β-emitter
[134]. Terbium-149 is a radionuclide that emits α-particles and has been used
for cancer therapies [135]. Here, the radionuclide was complexed via a chelator
to immunoconjugates [136-138]. Beyer et al. labelled a CD-20 targeting anti-
body (rituximab) with terbium and proved in a mouse model that single cancer
cells could be sterilized [87]. Another interesting terbium-isotope is terbium-
152, a positron emitter that has been used for positron emission tomography
(PET) [88]. It has a relatively long half live of 17.5 h which allows longer function
times and easier logistics than currently used PET-tracers such as fluorine-18.
However, it must be realised that the production of these terbium isotopes is
very complex and requires advanced facilities. 

4.2 Neutron Capture Therapy
Gadolinium-157 (Gd-157) is a stable element with a thermal neutron capture
cross-section of 254,000 barn, the highest of all naturally occurring isotopes
[139]. Because of this high cross section Gd-157 is very easy to activate with
neutrons even in vivo [140]. The Gd-157 neutron capture reaction produces
high-energy γ-rays, internal conversion electrons and Auger electrons which are
suitable for cancer therapy [139]. 
There are many pharmaceutical approaches to achieve targeting of gadolinium
to tumour cells. Chitosan microparticles and nanoparticles loaded with gadolini-
um-DTPA were directly injected into solid tumours [141-144]. The nanoparti-
cles were successfully applied in mice bearing subcutaneous melanoma; after
60 min of neutron irradiation tumour growth was significantly suppressed
[143]. Comparable results were obtained by Matsumura et al. [145] after intra-
tumoral injection of gadolinium-dimeglumine. It must be realised that intratu-
moral injection is only applicable for one or a few solitary tumours and that
treatment of multiple metastases requires other approaches. Nanoparticles with
a size below 100 nm can easily penetrate the tumour tissue through the discon-
tinuous capillary endothelium in the tumour, the so-called EPR effect (enhanced
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Fig. 4 Coronal MR and scintigraphic images of a tumour-bearing rabbit treated with holmium
microspheres A: Anatomic T1-weighted spin-echo MR image B: Holmium-sensitive T2*-weight-
ed fast field echo MRI image showing the biodistribution of holmium microspheres in relation to
the surrounding areas. Increased accumulations of paramagnetic holmium are seen on the T2*-
weighted MR image as signal voids (small arrows) due to the paramagnetic nature of the holmi-
um. The larger arrow indicates the substantial accumulation of microspheres in and around the
tumour. C: Schematic representation shows the organs and tumour in the rabbit. D: Whole-body
scintigraphic image of the rabbit. Increased accumulation of radioactivity due to holmium micros-
pheres is indicated by small arrows. Larger arrow shows increased radioactivity in and around the
tumour. Adapted from [9].

 



5. Perspective
This review shows that lanthanides are attractive nuclides in cancer diagnosis
and therapy. The use of advanced drug delivery technology and the introduction
of paramagnetic gadolinium has resulted in nanoparticulate and microparticulate
systems with very promising MRI contrast properties for the detection of cancer. 
Other paramagnetic lanthanides such as erbium, dysprosium, terbium and
holmium have also been used for advanced drug delivery based radionuclide
therapies, whereas nuclear imaging and/or MRI and/or CT can be used for
monitoring the biodistribution of these systems. A summary of the imaging
characteristics of radionuclides within the group of lanthanides is given in
Table 4. This table shows that dysprosium and holmium are elements that can
be visualised with al these imaging modalities. Combined with the ideal half-
life of holmium (26.8 h, which allows good logistics) it makes this element the
ideal candidate for radionuclide therapies, as shown by our group [9].
Tb-149 is an α-emitter which can be applied for cancer therapy and Tb-152 is a
positron emitter which can be used for PET. Since Tb is highly paramagnetic it
can also be imaged with MRI allowing multimodality imaging of Tb-based
radionuclide therapies. However, it should be realised that the production of ter-
bium isotopes is very complicated and requires advanced technologies.
Gadolinium-loaded microparticulate systems have the possibility to be
deployed for cancer treatment using the neutron capture principle. Before sub-
jecting a patient to neutron irradiation, the biodistribution of the administered
gadolinium delivery vehicle can be monitored with MRI. However, neutron
capture therapies require advanced reactor facilities and thus are very expen-
sive. Therefore, gadolinium neutron capture therapy has not been applied in
patients yet.
Lanthanides are elements with very similar chemical properties. Therefore, dif-
ferent lanthanides can be labelled to the same system, combining in this way
the best diagnostic or therapeutic properties of these elements. The develop-
ment of new lanthanide loaded diagnostic and therapeutic agents combined
with the improvement of medical imaging techniques (higher resolution CT
scanners, MRI scanners and gamma cameras) and the development of multi-
modality imaging (like PET-CT and SPECT-CT) will lead to the major goal of
molecular imaging: combining early stage cancer diagnosis with an optimised
patient specific therapy and monitoring.

parable biodistribution and tumour accumulation. This was in contrast to in
vitro studies where higher concentrations of gadolinium in tumour cells were
observed for the folate coated nanoparticles [151]. The authors concluded that
accumulation of their nanoparticles in tumours was mainly driven by particle
extravasation via the leaky microvasculature. The same group also used thi-
amine, which transporters are also overexpressed in tumour cells, for coating of
their nanoparticles [152], but these nanoparticles were not tested in vivo yet.
Kobayashi et al. [153] proposed polyamidoamine dendrimers as suitable carriers
for gadolinium neutron capture therapy. These dendrimers are water-soluble
highly branched spherical polymers which have at their surface 256 amine
groups. To these amine groups, about one molecule of biotin (as a targeting lig-
and) and 254 molecules of the chelating agent (2-(p-isothiocyanatobenzyl)-6-
methyl-diethylene triamine penta-acetic acid)) were coupled. After labelling with
gadolinium, these dendrimers were injected intraperitoneally in tumour bearing
mice, and after 1 day the tumour to non-tumour ratio was up to 638:1. In vitro
MRI measurements showed an adequate MRI signal enhancement, and the
authors suggested that the biodistribution of their dendrimer could be monitored
with MRI.
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1. Introduction
The use of radionuclide loaded microspheres is a promising treatment of liver
malignancies. When microspheres (20–50 µm) are administered into the hepatic
artery of patients suffering from liver malignancies, they will lodge in and
around the tumour and irradiate the surrounding tissue [1-3]. For this purpose
poly(L-lactic acid) microspheres can be loaded with holmium acetylacetonate
(HoAcAc). These microspheres (Ho-PLLA-MS) were prepared by a solvent
evaporation method as previously described by Nijsen et al. [4]. After preparation
the microspheres are activated by neutron irradiation in a nuclear reactor [5].
Before administration into the patient via a catheter [6], the microspheres should
be suspended completely, because aggregated microspheres may either lodge in
the catheter or can give an undesirable biodistribution. Furthermore, suspension
of the microspheres in a suitable solvent prior to administration should be easy
and rapid in order to reduce radiation burden to personnel. Ideally, a suspending
solvent is added to a vial containing dry radioactive microspheres whereupon a
suspension is obtained by gently shaking without opening this vial. However,
we experienced that it was difficult to create a homogeneous suspension of 
Ho-PLLA-MS in saline after neutron activation by simple means. The surface
properties of the microspheres determine to a great extent their suspensibility.
Therefore, we investigated the surface characteristics of Ho-PLLA-MS before
and after neutron irradiation, in order to understand their suspending behaviour
and to identify suitable excipients. 
Although the microspheres receive a very high radiation dose, neutron irradia-
tion is not an approved sterilization method yet [7]. Consequently, the micros-
pheres require a pharmaceutically accepted sterilization method. Gamma irradia-
tion is the method of choice to sterilize PLLA microspheres [8]. However, it is
well known that gamma irradiation also changes the microsphere properties [9] and
therefore the effect of gamma irradiation on the surface properties was also studied. 
Many articles have been published about the surface properties of PLLA-based
micro- and nanoparticles. PLLA as such is a rather hydrophobic polymer and
consequently microspheres based on this polymer have a poor suspending
behaviour [10]. For the solvent evaporation process partly hydrolysed polyvinyl
alcohol (PVA) is frequently used as an emulsifier (e.g. [4,11]. It has been report-
ed that the PLLA micro- and nanoparticles are often surrounded by a layer of

Abstract
Radioactive holmium-166 loaded poly(L-lactic acid) microspheres (Ho-PLLA-
MS) are promising systems for the treatment of liver malignancies. The surface
characteristics of Ho-PLLA-MS before and after both neutron and gamma irradi-
ation were investigated in order to get insight into their suspending behaviour
and to identify suitable surfactants for clinical application of these systems. X-
ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM)
were used for surface characterization. The residual amounts of poly(vinyl alco-
hol) (PVA) of the microspheres, which was used as an emulsifier during the sol-
vent evaporation process, were determined using a colorimetric iodine borate
method and the wettability of microspheres and PLLA films with and without
holmium (Ho) loading was tested using suspending experiments and contact
angle measurements. 
XPS showed that the surface of Ho-PLLA-MS mainly consisted of PLLA, less
than 10% of the surface was covered with PVA after several washing and siev-
ing steps. A colorimetric assay showed that the microspheres contained 0.2-0.3%
(w/w) PVA. Combined with XPS data, this assay demonstrates that the PVA is
likely dissolved in the core of the microspheres. XPS analysis also showed that
after neutron irradiation, some holmium appeared on the surface. Moreover, Ho-
loaded PLLA films had a much higher contact angle (85º) than non-loaded films
(70º). Therefore, the Ho on the surface of neutron irradiated Ho-PLLA-MS is
probably the reason for their poor suspending behaviour in saline. No surface
changes were seen with XPS after gamma irradiation. 
Based on their surface characteristics, a pharmaceutically acceptable solvent
(1% Pluronic F68 or F127 in 10% ethanol) was formulated with which a homo-
geneous suspension of radioactive Ho-PLLA-MS could be easily obtained, mak-
ing these systems feasible for further clinical evaluation.
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2.2 Preparation of microspheres and films
HoAcAc and Ho-PLLA-MS were prepared by a solvent evaporation technique
as described previously [4]. HoAcAc (10 g) and PLLA (6 g) were dissolved in
chloroform (186 g). The resulting homogeneous solution was added to one litre
of an aqueous solution of PVA (2%). The mixture was stirred (500 rpm) for 40
hours at room temperature and the formed microspheres were collected by cen-
trifugation. The microspheres were washed three times with water, three times
with 0.1 M HCl to remove non-incorporated HoAcAc, and finally three times
with water. The obtained microspheres were suspended in water (200 ml) and
fractionated according to size using stainless steel sieves of 20 and 50 µm with
a sprinkler system (Analysette 3 system, Fritsch GmbH) using 8 l of water. The
collected microsphere fractions were dried at 50 °C for 48 h and analysed with a
Coulter Counter (Multisizer 3, Beckman Coulter). PLLA-MS without HoAcAc
loading were prepared in the same way. 
HoAcAc loaded PLLA (Ho-PLLA) films were prepared by dissolving 2.5 g
PLLA and 2.5 g HoAcAc in 50 ml chloroform. About 1 ml of the resulting solu-
tion was poured onto a glass plate (2.5 by 7 cm) and the solvent was allowed to
evaporate for 24 hours at room temperature resulting in thin films (<100 mm).
PLLA films were prepared in the same way, leaving out the HoAcAc.

2.3 Neutron and gamma irradiation
Neutron irradiation was performed in the pneumatic rabbit system (PRS) in the
reactor facilities in Petten, The Netherlands. The PRS (neutron flux 
5x1013 cm-2·s-1, 1h) irradiations were carried out on samples of 500 mg of dry
(washed and sieved) microspheres, which were packed in polyethylene vials. 
Gamma sterilization was performed using a cobalt 60 source (Isotron, Ede, The
Netherlands). Samples (1 g of dried, washed and sieved microspheres in poly-
ethylene vials) received a dose of 25.0 kGy. Analyses of neutron activated and
gamma-irradiated samples were performed after 1 month storage at room tem-
perature in closed vials excluding moisture.

2.4 Determination of holmium content in microspheres
The holmium content in microspheres was determined by a complexometric
titration. Microspheres (100 µg) were destructed using 10 ml of 5 M sodium

the used PVA [11-14]. This surface associated PVA will increase the hydrophilic-
ity of the surface and improve the wettability of microspheres. 
In this study we investigated the effect of both neutron and gamma irradiation
and of the processing conditions on the surface properties of Ho-PLLA-MS in
order to understand and predict their suspending behaviour in solvents that can
be used in parenteral formulations [15]. Pluronic F68 and F127 were chosen as
surfactant candidates and ethanol was used as a surface tension lowering agent
so as to create a clinically applicable formulation for the arterial administration
of Ho-PLLA-MS.
X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy
(SEM) were used for the characterization of the surface of irradiated and non-
irradiated microspheres. Residual amounts of PVA were determined using an
iodine borate method and the wettability of microspheres was investigated using
suspending behaviour tests and polymer films were tested for their hydrophobic-
ity using contact angle measurements. 

2. Materials and Methods
2.1 Materials
All chemicals were commercially available and used as obtained. Acetylacetone,
2,4-pentanedione (AcAc; > 99%), chloroform (CHCl3; HPLC-grade), poly(vinyl
alcohol) (PVA; MW 30 000 – 70 000, 88% hydrolyzed), ammonium hydroxide
(NH4OH; 29.3% in water), Pluronic F 68® (PEO78PPO30PEO78;  MW 7 680
– 9 510) and Pluronic F 127® (PEO100PPO65PEO100; MW 9 840 – 14 600)
were supplied by Sigma Aldrich (Steinheim, Germany). Sodium hydroxide
(NaOH; 99.9%) was purchased from Riedel-de Haën (Seelze, Germany).
Holmium (III) chloride hexahydrate (HoCl3.6H2O; 99.9%) was obtained from
Phase Separations BV (Waddinxveen, The Netherlands). Poly(L-lactic acid)
(PLLA; MW 26 000, intrinsic viscosity 0.09 l/g in chloroform at 25°C) was pur-
chased from Purac Biochem (Gorinchem, The Netherlands). Ethanol (C2H5OH;
Ph Eur 99.9%), xylenol-orange (C31H28N2Na4O13S; Ph Eur 99.9%), potassi-
um nitrate (KNO3; 99.9%), ethylene dinitrilotetraacetic acid (EDTA, >99.0%),
hydrochloric acid (HCl; 37%), boric acid (H3BO3; >99.5%), potassium iodine
(KI; 99.9%) and iodine (I2; > 99.8%) were purchased from Merck (Darmstadt,
Germany).
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distilled water and dried for 24 hours at room temperature, were also measured.
Analyses were performed in triplicate. 

2.8 Scanning electron microscopy
The surface morphology of Ho-PLLA-MS was investigated by SEM using a
Philips XL30 FEGSEM. A voltage of 5 or 10 kV was applied. Samples of
microspheres were mounted on aluminium stubs and sputter-coated with a Pt/Pd
layer of about 10 nm.

2.9 X-ray photoelectron spectroscopy
XPS analyses were performed for C1s and Ho4d, using a Vacuum Generators
CLAM-2 hemispherical analyser operating at 50 eV pass energy. A Mg Kα
source (Vacuum Generators twin-anode XR2E2) was used at 120 W. The angle
between the surface and the analyser axis was 15º, and the angle between the
analyser and the x-ray source axis was 33.5º.
For XPS analysis of (Ho) PLLA-MS, samples (200 mg) taken at different points
in the washing and sieving process, were mixed with a small amount of water
(200 µl) and the resulting paste was spread on the XPS sample plate and dried
in a vacuum chamber. 
Samples of PVA, PLLA and HoAcAc were made by powder compression with a
pressure of 104 kg/cm2 using an infra-red tablet press. Spectra obtained from
the PVA and PLLA samples were used to simulate the following two models in
order to analyse the surface composition of the microspheres:

Model I
If it is assumed that the top layer of a microsphere is a mixture of PLLA and
PVA, the resulting signal intensity (I(E)tot) can be considered as a superposition
of the PLLA and PVA signals, according to:

In this equation, I(E)PVA and I(E)PLLA are the signal intensities of PVA and
PLLA respectively, E is the binding energy of the electrons, and c is the relative
amount of PVA in the mixture.

hydroxide. The resulting solution was neutralized with 5 M hydrochloric acid.
After adding 5 grams of hexamethylenetetramine and 50 mg of a 1:100 mixture
of xylenol-orange with potassium nitrate, the pH was adjusted to 5.0 using 1 M
hydrochloric acid. The solution was titrated with 0.01 M EDTA until the colour
changed from pink to yellow. Analyses were performed in triplicate.

2.5 Determination of PVA
The amount of PVA in the microspheres was determined using the iodine-borate
method [13]. The method consists in solubilizing PVA by destructing the micros-
pheres (100 mg) with 2 ml of 1 M NaOH for 20 min at 90°C. The resulting
solutions were neutralized with 1 M HCl. Next, 3 ml of a boric acid solution
(3.7% w/v) and 0.5 ml of an iodine solution (1.66% KI + 1.27% I2 in distilled
water) were added and the volume was adjusted to 10 ml with distilled water.
Samples were measured at 690 nm using a Perkin Elmer spectrophotometer.
Analyses were performed in triplicate. Known amounts of PVA added to 100 mg
of PLLA were treated in the same way and were used as standards. 

2.6 Suspending behaviour of microspheres 
Microspheres (100 mg) were weighed in a test tube and 3 ml of a suspending
solvent was added. The used suspending solvents were saline, 10% ethanol in
saline, 1% Pluronic F68, Pluronic F127 or PVA in saline and 1% Pluronic F68,
Pluronic F127 or PVA in 10% ethanol in saline. To study the suspending behav-
iour, the microspheres plus the different solvents were vortexed for ten seconds
and it was assessed visually whether a homogeneous suspension without aggre-
gates was obtained. If this did not occur, the same test tubes with microspheres
were ultrasonically processed for one minute. If there was still no homogeneous
suspension, microspheres were stirred with a spatula for three minutes.

2.7 Wettability of polymer films 
Contact angles of polymer films were measured by pipetting droplets of 1µl of
distilled water or 10% ethanol in distilled water onto the different films. The
droplet was observed using a light microscope and the contact angle was deter-
mined. Contact angles of films which were previously immersed in a Pluronic
F68, Pluronic F127 or PVA solution (all 1% w/w in saline), washed once with
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shown in Table 1. It was observed that non-irradiated Ho-PLLA-MS were more
difficult to suspend in saline than PLLA-MS. Neutron irradiated Ho-PLLA-MS
showed the worst suspending behaviour. Only a combination of both a surfac-
tant and ethanol resulted in a satisfactory suspending behaviour. There were no
differences seen between the three types of surfactants. γ-Irradiation had no
effect on the suspending behaviour of both Ho-PLLA-MS and PLLA-MS.

3.4 Contact angles
The water and 10% ethanol in water contact angles of the various films are
given in Table 2. PLLA films had a water contact angle of 70° which is in
agreement with literature data [19]. A PLLA/HoAcAc film had a higher water
contact angle (85°). The water contact angles of the PLLA and the Ho-PLLA
films coated with surfactants were lower than those of the non-coated films
demonstrating that these surface active compounds lower the interfacial tension
between the solid and liquid phase. The Pluronic F68 or Pluronic F127 coated
Ho-PLLA films showed a better wettability than the PVA coated films. The
opposite effect was observed for the PLLA films. All contact angles of water
with 10% ethanol were lower than those of pure water.

Model II 
If the surface of PLLA is coated with a layer of PVA, the resulting signal inten-
sity (I(E)tot) is given by:

For the analyses we used the C(1s) peak and an angle θ of 15°. λ(Ec(1s)) is the
so-called attenuation length (AL) of C(1s) electrons in PVA. The AL of C(1s)
electrons was calculated using the modified Bethe equation (TPP-2M) as pro-
posed by Tanuma et al. for the Inelastic
Mean Free Path (IMFP) of elemental, inorganic, and organic solids [16]. We cal-
culated the TPP-2M formula using a software package, available from NIST
[17]. The IMFP for a C(1s) electron (binding energy ~ 285 eV, kinetic energy ~
969 eV) was found to be ~ 3.0 nm. To convert the calculated IMFPs to ALs, we
used the formula, proposed by Seah [18]:
The resulting AL was found to be 2.7 nm. The resulting signal intensity (I(E)tot)
was calculated for a varying coating thickness d. Thus, with XPS analysis either
the relative amount of PVA in the top layer (model I), or the maximum PVA
coating thickness (model II) is estimated. 

3. Results
3.1 Preparation of microspheres
About 5 g of Ho-PLLA-MS with 17.0 ± 0.5 % (w/w) of holmium were prepared.
The particles have a rather broad size distribution (10-60 µm). Sieving was very
effective to narrow the particle size distribution: more than 96% of the micros-
pheres had a size between 20-50 µm after sieving, yielding an amount of 4 g.

3.2 PVA content
The amount of microsphere-associated PVA in different batches of both 
Ho-PLLA-MS and PLLA-MS varied from 0.4-0.9% (w/w) before washing 
and sieving, and 0.2-0.3% (w/w) after washing and sieving. 

3.3 Suspending behaviour
The suspending behaviour of irradiated and non-irradiated microspheres is 
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XPS-spectrum of microspheres did not change substantially anymore. When the
peak intensities of the washed and sieved Ho-PLLA-MS were fitted using the
proposed models, the total amount of PVA that covers the surface was less than
10 % of the total surface (model 1) or the PVA layer was thinner than one
nanometre (model 2). Fig. 3c demonstrates that no holmium could be detected
on the surface of washed and sieved Ho-PLLA-MS. After 3 washing steps with
water large amounts of holmium were seen, which was probably caused by the
presence of non-incorporated HoAcAc on the surface of the microspheres. This
was removed upon washing with three washing steps of 0.1 M HCl.
The C1s spectra of PLLA-MS before and after neutron irradiation were identical
(Fig. 4a). The XPS C1s signals for neutron irradiated and non-irradiated Ho-
PLLA-MS show that the surface composition of neutron irradiated Ho-PLLA-
MS had been changed (Fig. 4a). In line herewith, Fig. 4b shows that holmium
was detected on the surface of neutron irradiated Ho-PLLA-MS. 
Since the C1s and Ho4d spectra of both Ho-PLLA-MS and PLLA-MS before
and after gamma irradiation were comparable, gamma irradiation had no effect
on the surface composition (data not shown). 

3.5 SEM
SEM analysis demonstrates that the surface of both PLLA-MS and Ho-PLLA-
MS was slightly affected after neutron irradiation (Fig. 1). Small fragments were
released from the surface and in general the surfaces showed more roughness.
However, the microspheres retained their spherical character. After γ- irradiation
no changes were observed (Fig. 1). 

3.6 XPS
The XPS-spectra of PLLA, PVA and HoAcAc samples and the simulated models
are given in Fig. 2. Fig. 3a shows the XPS C1s spectra of PLLA-MS after sever-
al washing steps. This figure shows that the spectra of the microspheres after the
first 1-3 washing steps (with water) resemble the PVA spectrum (Fig. 2a). This
demonstrates that the microspheres had a PVA layer on their surface, which is in
agreement with literature [20,21]. Because the spectra of the PLLA-MS do not
show the presence of PLLA on their surface, the PVA layer is at least several
nanometres. However, the XPS spectrum of extensively washed and sieved
PLLA-MS shows more resemblance to that of PLLA indicating the presence of
PLLA on their surface. When this spectrum was fitted using the models given in
section 2.10, it is calculated that the amount of PVA that covers the surface is
about 20% of the total surface (model 1) or the PVA layer is limited to a few
nanometres (model 2). 
C1s spectra of Ho-PLLA-MS after several washing steps (Fig. 3b) demonstrate
that almost all PVA was washed away after 9 washing steps. After sieving, the 
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Fig. 1 SEM pictures of Ho-PLLA-MS a) non-irradiated, b) gamma-irradiated, c) neutron-irradiated
and PLLA-MS d) non-irradiated, e) gamma-irradiated, f) neutron-irradiated. Bars represent 20 µm. 



4. Discussion 
The surface composition of PLLA microspheres loaded with and without
HoAcAc before and after neutron irradiation can be established by combining
the results of contact angle measurements, the PVA assay, SEM-images and
XPS-analyses. The PLLA-MS used in this study were prepared using a solvent
evaporation process. During this process, PVA acts as a surfactant and is
adsorbed at the water/organic solvent interface. The hydrophilic hydroxyl
groups of the PVA chains are located in the water phase, whereas the hydropho-
bic non-hydrolysed vinyl acetate regions are in the organic phase. After evapo-
ration of the solvent and hardening of the microspheres this can result in resid-
ual amounts of PVA on the surface [20]. Such a PVA layer would result in a
good wettability of PLLA-based microspheres. Indeed,  contact angle measure-
ments showed that PLLA films with and without holmium have a much lower
contact angle after coating with PVA. Lee et al. [11] used a PVA assay to deter-
mine the thickness of a PVA layer on the surface of microspheres. Using a col-
orimetric PVA assay on destructed microspheres, we showed that the different
microspheres, even the extensively washed, contained 0.2-0.3% PVA (w/w). If it
is assumed that the PVA would be present on the outer layer of the micros-
pheres, this layer should be in a range of 25 to 35 nm. The poor suspending
behaviour of the extensively washed (Ho)-PLLA-MS indicates that it is unlikely
that they were completely surrounded by surface adsorbed PVA. XPS analysis
showed that the surface of Ho-PLLA-MS mainly consisted of PLLA and that the
amount of PVA that covered the surface was limited to less than 10% (model 1,
section 2.10) or the PVA layer was thinner than 1 nm (model 2, section 2.10).
The last option is not very likely because Boury et al. [22] demonstrated that a
monolayer of PVA is at least thicker than 1 nm. Consequently, the PVA detected
in the microspheres is not preferentially present on the surface but it is dissolved
in the core of the microspheres. It has indeed been reported that PVA and PLLA
are (partly) miscible [23]. 
In contrast, several articles have reported that PLLA nano- and microspheres are
covered with a layer of PVA [14,24,25]. However, these particles were not as
extensively washed as ours. Likely, a sieving process using a large volume of
water (in our case 8 l per 5 g of microspheres) removed essentially all PVA from
the surface of the microspheres.
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Fig. 2 C1s XPS signals for PLLA, PVA and
HoAcAc samples (a) and simulated C1s XPS sig-
nals for different PVA/PLLAmixtures (b, model 1)
and PVA layers with different thickness on PLLA
(c, model 2)

Fig. 3 C1s XPS signals for PLLA-MS (a), and
C1s (b) and Ho4d (c) XPS signals for Ho-PLLA-
MS after several washing steps (1-3x: washed 1
to 3 times with water; 9x: washed 3 times with
water, 3 times with 0.1 M HCl, and 3 times with
water; sieved: sieving step using 8 l of water)
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1. Introduction
Radionuclide loaded microspheres are attractive and promising systems for the
treatment of liver malignancies. When microspheres with a size between 20–50
µm are administered into the hepatic artery of patients suffering from liver
malignancies, they will preferentially lodge in and around the tumour and subse-
quently irradiate the surrounding tissue [1]. Regarding its physical properties,
holmium-166 is the ideal radionuclide for such therapies because it is the only
element which can be neutron-activated to a beta- and gamma-emitter with a
logistically favourable half-life, and which can also be visualized by MRI [1,2].
Using a solvent evaporation technique, non-radioactive holmium-165 can be
incorporated into poly (L-lactic acid) (PLLA) microspheres as its acetylaceto-
nate complex (HoAcAc). In a subsequent step the microspheres (Ho-PLLA-MS)
can be rendered radioactive by neutron irradiation [3]. 
Organic solvents such as chloroform are widely used for the preparation of
PLLA microspheres [4,5], and it is also the solvent of choice for the preparation
of Ho-PLLA-MS [3]. However, these solvents are difficult to remove quantita-
tively and consequently traces hereof remain in the microspheres [6-8]. The
ICH-guidelines (The International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human Use) prescribe a
very low limit of 60 ppm for chloroform in pharmaceuticals [9]. Methods cur-
rently applied to reduce the organic solvent levels in polymeric microparticles
are drying at elevated temperatures and reduced pressure [10] or extraction
using super critical carbon dioxide [6,11]. 
It is known that chloroform is highly susceptible for decomposition with high-
energy radiation [12]. Microspheres receive a very high radiation dose in a
nuclear reactor [13], and thus it is possible that residual chloroform decomposes
during neutron activation resulting in the reduction or complete removal of the
solvent. However, it should be realized that previous studies concerning the
effect of radiation on residual solvents were done in a different setting. In partic-
ular, the removal of chlorinated hydrocarbons from wastewater using UV- and
gamma irradiation has been demonstrated. However, radiolysis of chlorinated
solvents in polymer matrices has not been investigated before. 
Provided that removal of residual solvent in microspheres can be achieved by
irradiation, it is furthermore extremely important that the reaction products,

Abstract
Radioactive holmium-166 loaded poly(L-lactic acid) microspheres are promising
systems for the treatment of liver malignancies. These microspheres are loaded
with holmium acetylacetonate (HoAcAc) and prepared by a solvent evaporation
method using chloroform. After preparation the microspheres (Ho-PLLA-MS)
are activated by neutron irradiation in a nuclear reactor. It was observed that rel-
atively large amounts of residual chloroform (1000-6000 ppm) remained in the
microspheres before neutron irradiation. Since it is known that chloroform is
susceptible for high-energy radiation, we investigated whether neutron and
gamma irradiation could result in the removal of residual chloroform in
HoAcAc-loaded and placebo PLLA-MS by radiolysis. To investigate this,
microspheres with relatively high and low amounts of residual chloroform were
subjected to irradiation. The effect of irradiation on the residual chloroform lev-
els as well as other microsphere characteristics (morphology, size, crystallinity,
molecular weight of PLLA and degradation products) were evaluated. 
No chloroform in the microspheres could be detected after neutron irradiation.
This was also seen for gamma irradiation at a dose of 200 kGy. Phosgene, which
can be formed as the result of radiolysis of chloroform, was not detected with
gas chromatography mass spectrometry (GC-MS). A precipitation titration
showed that radiolysis of chloroform resulted in the formation of chloride. Gel
permeation chromatography and differential scanning calorimetry showed a
decrease in molecular weight of PLLA and crystallinity, respectively. However,
no differences were observed between irradiated microsphere samples with high
and low initial amounts of chloroform. 
In conclusion, this study demonstrates that neutron and gamma irradiation
results in the removal of residual chloroform in PLLA microspheres. 
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with an aqueous solution of ammonium hydroxide. Holmium chloride (10 g dis-
solved in 30 ml water) was added to this solution. After 15 hours incubation at
room temperature, the formed HoAcAc crystals were collected by centrifugation
and washed with water. 
HoAcAc (10 g) and PLLA (6 g) were dissolved in 186 g chloroform. The result-
ing homogeneous solution was added to one litre of an aqueous solution of PVA
(2%). The mixture was stirred (500 rpm) for 40 hours at room temperature and
the formed microspheres were collected by centrifugation. The microspheres
were washed three times with water, three times with 0.1 M HCl and finally
three times with water. The washed microspheres were fractionated according to
size using stainless steel sieves with a pore size of 20 and 50 µm, with a wet
sieving system consisting of an Electromagnetic Sieve Vibrator (EMS 755)
combined with an Ultrasonic Processor (UDS 751) (both from Topas GmbH,
Dresden, Germany). The collected microsphere fraction (about 4 grams, size
between 20 and 50 µm) was divided into two equal portions of 2 grams and
dried at 50 °C for 48 h at normal pressure or at 70 °C under vacuum for 5 h
using a rotating Glass Oven (B-580 GKR, Buchi). 
Placebo PLLA-microspheres without HoAcAc loading were prepared in the
same way. All microsphere batches were prepared in duplicate; ~ 500 mg per
batch was packed in polyethylene vials.

2.3 Neutron and gamma irradiation
Routinely, microspheres were neutron activated in a reactor facility in Delft or
gamma-irradiated with various dosages. Since the reactor facility of Petten was
used in previous studies of our group [3,13], some microsphere batches were
also neutron irradiated at this facility. Neutron irradiations were performed in
the pneumatic rabbit system (PRS) in the reactor facilities in Delft and Petten.
The thermal neutron flux in the Delft facility was 5x1012 cm-2·s-1, while the
thermal neutron flux in Petten was 30x1012 cm-2·s-1. The irradiation times
were 6 and 1 h, respectively, to ensure equal doses of microsphere-associated
radioactivity (~14 GBq, immediately after irradiation).
Gamma sterilization of the samples with a dose of 25.0 kGy was performed
using a cobalt-60 source (Isotron, Ede, The Netherlands). A Gammacell 200
cobalt-60 high dose rate research irradiator (Nordion, Canada) was used for irra-

which are the result of radiolysis, are not harmful for patients. The papers which
have been published about the effect of UV- and gamma-irradiation on chlorinat-
ed hydrocarbons report on the formation of chloride as an end product of radiol-
ysis [12,14-16]. However, another reaction radiolysis product that could be
formed is the very toxic phosgene [16-18]. It is thus important to get a clear
insight into the radiolytic pathway(s) of residual chlorinated solvents in poly-
meric microparticles.
In this study we investigated whether neutron and gamma irradiation will result
in the reduction/removal of residual chloroform in HoAcAc-loaded and placebo
PLLA-microspheres. Microspheres prepared with a solvent evaporation process
were dried at 50 °C or 70 °C under vacuum in order to obtain samples with high
and low levels of residual chloroform and subsequently neutron irradiated or
gamma irradiated with various dosages. The microspheres were studied for their
morphology, residual solvent levels, degradation products, and for the molecular
weight and crystallinity of PLLA. 

2. Materials and methods
2.1 Materials
All chemicals were commercially available and used as obtained. Acetylacetone,
2,4-pentanedione (AcAc; > 99%), chloroform (CHCl3; HPLC-grade), poly(vinyl
alcohol) (PVA; average MW 30 000 – 70 000, 88% hydrolyzed), ammonium
hydroxide (NH4OH; 29.3% in water) were supplied by Sigma Aldrich
(Steinheim, Germany). Sodium hydroxide (NaOH; 99.9%) was purchased from
Riedel-de Haën (Seelze, Germany). Holmium (III) chloride hexahydrate
(HoCl3.6H2O; 99.9%) and dichloromethane (CH2Cl2; HPLC-grade) were
obtained from Phase Separations BV (Waddinxveen, The Netherlands). Poly(L-
lactic acid) (PLLA; intrinsic viscosity 0.09 dl/g in chloroform at 25°C) was pur-
chased from Purac Biochem (Gorinchem, The Netherlands). Hydrochloric acid
(HCl; 37%), nitric acid (HNO3; 65.0%), silver nitrate (AgNO3; 99.9%) and
ethyl acetate (99.9%) were purchased from Merck (Darmstadt, Germany).

2.2 Preparation of HoAcAc and microspheres
HoAcAc was prepared as described previously [3]. In brief: acetylacetone (180
g) was dissolved in water (1080 g). The pH of this solution was brought to 8.50
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chloroform to dichloromethane solutions containing PLLA (25 mg/ml) or both
PLLA (12.5 mg/ml) and HoAcAc (12.5 mg/ml). The detection limit is defined
as a signal-to-noise ratio of three [21]. The concentration of chloroform in the
microspheres (ppm) was converted to concentrations of chlorine (ppm) (1000
ppm chloroform corresponds with 892 ppm chlorine). To verify the results of
the GC-analyses, the total chlorine content of microspheres was also determined
by neutron activation (NRG, Petten, The Netherlands) [22]. Some selected sam-
ples with a residual solvent level below the detection limit of conventional GC
were also subjected to headspace GC. These analyses were performed using
European Pharmacopoeia method 2.4.24, ‘identification and control of residual
solvents for water insoluble substances’, and were carried out by Farmalyse
B.V., Zaandam, the Netherlands [23].
The concentration of chloride in the different microspheres was determined
using a precipitation titration. Therefore, microspheres (100 mg) were heated for
one hour at 100 °C to evaporate residual chloroform. GC analyses showed that
the chloroform levels were indeed below detection limit. Thereafter, the micros-
pheres were dissolved in 2 ml of 2 M NaOH at 100 °C and the resulting solu-
tions were neutralized with 2 M HNO3. The solutions were subsequently titrat-
ed with 0.005 M AgNO3 and the endpoint was detected potentiometrically. 

2.7 Gas Chromatography-Mass Spectrometry (GC-MS)
GC-MS for the detection of phosgene after derivatisation with N,N-dibuty-
lamine (DBA), according to the method of Schoene et al. [24], was performed at
the Netherlands Organisation for Applied Scientific Research (TNO, Prins
Maurits Laboratory, Delft, The Netherlands) (in the results named as method-1).
Neutron irradiated microspheres samples (~50 mg), which were dried at 50 °C,
were extracted with 1 ml hexane. Next, 20 µl of DBA was added and this solu-
tion was subsequently analysed. The detection limit of phosgene was deter-
mined by analysing solutions of phosgene in hexane, after the addition of 20 µl
of DBA. 
Identification of organic acids, including lactate, lactyl lactate and longer
oligomers of lactic acid, was carried out by GC-MS on a Hewlett Packard 5890
series II gas chromatograph linked to a HP 5989B MS-Engine mass spectrome-
ter (in the results named as method-2). Prior to this GC-MS analysis, the organic

diation of the samples with higher dosages from 100 kGy up to 1000 kGy. Also,
this irradiator was used to study the effect of temperature during irradiation
because differences in temperature in the Petten and Delft reactor facilities were
expected due to differences in their thermal neutron fluxes [19]. To ensure low
levels of microsphere-associated radioactivity, analyses of the neutron-irradiated
samples were performed after one month storage at room temperature in closed
vials. 

2.4 Determination of holmium and water content in microspheres
The holmium content in microspheres was determined by a complexometric
titration as described before [20]. The water content in the microspheres was
determined with the Karl-Fisher method. Therefore, 50 mg microspheres were
dissolved in 1 ml of Hydranal Coulomat A (Riedel de Haen, Seelze, Germany)
and the water concentration was determined using a Mitsubishi moisture meter
model CA-05 (Tokyo, Japan) from which the residual water content of the
microspheres was calculated.

2.5 Determination of particle size distribution and evaluation of the surface
morphology of the microspheres
The particle size distribution of radiated and non-radiated microspheres was
determined using a Coulter counter (Multisizer 3, Beckman Coulter, The
Netherlands) equipped with a 100-µm orifice.
The surface morphology of the Ho-PLLA-microspheres was investigated by
scanning electron microscopy (SEM) using a Philips XL30 FEGSEM. A voltage
of 5 or 10 kV was applied. Samples of the different microsphere batches were
mounted on aluminium stubs and sputter-coated with a Pt/Pd layer of about 10
nm.

2.6 Determination of chloride and chlorine content
Gas chromatographic analyses were performed on a Shimadzu type 14 B GC
equipped with a flame ionization detector, employing an OV-17 on Chromosorb
W at 175 °C. The injection port and the detector temperature were 200 °C.
Microsphere samples (50 mg) were dissolved in 2 ml of dichloromethane for the
analysis of chloroform. Standards were prepared by adding varying amounts of
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PLLA-MS had an influence on the microsphere characteristics after neutron
irradiation in terms of the morphology and size distribution [3]. Since the used
drying method resulted in equal water contents, possible differences in the
microsphere characteristics after irradiation are not caused by different amounts
of water in the microspheres.

3.2 Particle size distribution and SEM analysis of microspheres
After sieving, more than 97 % (volume-based) of the microspheres had a size
between 20 and 50 µm. No differences in size distributions were observed after
gamma irradiation (25 kGy), whereas after neutron irradiation more than 94 %
of the microspheres had a size between 20 and 50 µm. 
SEM analysis of microspheres showed drying-related differences in their mor-
phology. Ho-PLLA-MS that were dried at 50 °C had a smooth surface (Fig. 1a),
whereas small fragments were released from the surface and the surfaces
showed more roughness after neutron irradiation (Fig 1b). Importantly, the

acids were trimethylsilylated with N,N-bis (trimethylsilyl)tri-
fluoroacetamide/pyridine/trimethylchlorosilane (5:1:0.05 v/v/v) at 60 °C for 30
min. The gas chromatographic separation was performed on a 25m x 0.25mm
capillary CP Sil 19CB column (film thickness 0.19 mm) from
Varian/Chrompack, Middelburg, The Netherlands. 

2.8 Gel Permeation Chromatography (GPC)
The weight-average molecular weight (Mw) and number-average molecular
weight (Mn) of PLLA were determined by GPC with two thermostated (35 °C)
columns in series (PL gel Mixed-B, Polymer Laboratories) equipped with a
refractive index detector (type 410, Waters, Milford, USA). Samples of approxi-
mately 5 mg were dissolved in 5 ml chloroform and filtered through 0.45 µm
HPLC-filters (Waters). Elution was performed with chloroform and the flow-rate
was 1 ml/min. The columns were calibrated using poly(styrene) standards of
known molecular weights (Polymer Laboratories, Shodex and Tosoh, Amherst,
USA). Analyses were performed in duplicate.

2.9 Differential Scanning Calorimetry (DSC)
Modulated DSC (MDSC) analysis was performed with a DSC Q1000 (TA
Instruments, USA). Samples of approximately 5 mg were transferred into alu-
minium pans. Scans were recorded under ‘heating only’ conditions, with a heat-
ing rate of 1 °C/min and cooling rate of 2 °C/min. The settings were periods of
30 s and a temperature modulation amplitude of 0.5 °C was applied. Samples
were heated from 20 °C to 200 °C. The Universal Analysis 2000 software (ver-
sion 3.9A) was used for evaluation. Analyses were performed in duplicate.

3. Results and Discussion 
3.1 Preparation of microspheres
Ho-PLLA-MS with 17.0 ± 0.5 % (w/w) of holmium, corresponding with a load-
ing of the HoAcAc complex of ~50 % (w/w), were prepared using a solvent
evaporation method with chloroform as organic solvent [3]. 
The water content of Ho-PLLA-MS and PLLA-MS batches dried at 50 °C for
48 h at normal pressure or at 70 °C under vacuum for 5 h was 2 ± 0.5 % (w/w).
Previous work from our group demonstrated that the amount of water in Ho-
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Fig. 1 SEM pictures of Ho-PLLA-MS dried at 50 °C before (a) and after (b) neutron
irradiation and Ho-PLLA-MS dried at 70 °C before (c) and after (d) neutron irradia-
tion. Bars represent 10 µm.



determined with neutron activation analysis and GC were similar, indicating that
no residual chloride (from hydrochloric acid, that was used during the washing
procedure) remained in the microspheres. 
After the standard gamma sterilization dose of 25 kGy, no significant changes
were seen for the chlorine concentration, and no chloride could be detected in
(Ho)-PLLA-MS (see Table 1).  The initial chlorine content of the microsphere
batch was 2000 ppm and after irradition with a dose of 100 kGy, the chloride
and chlorine levels were 600 and 1400 ppm. Chlorine was quantitatively con-
verted into chloride after an irradiation dose of 200 kGy. This demonstrates that
at higher doses of gamma irradiation radiolysis of CHCl3 occurred. 
Table 1 shows that after neutron irradiation, no chloroform could be detected
with GC in both HoAcAc-loaded and placebo PLLA-MS dried at 50 °C with
high initial levels of chloroform. As for gamma irradiated samples, chloride was
detected in these microspheres implying that radiolysis also had occurred after
neutron irradiation. 
Radiolysis of chloroform results in the formation of chloride, as was previously
described by Hatashita et al. [15] and Taghipour et al. [12]: 

Step 1: H2O + gamma ray → H2O
+ + e- (with a yield of 0.28 µmol per

absorbed Joule). Taghipour et al. [12] furthermore reported the formation of ·H,
·OH , H2O2, H2, OH

- and H+.
Step 2: CHCl3 + e- → ·CHCl2 + Cl-

Step 3: decomposition of ·CHCl2 by H2O and O2 to 2 Cl-, CO, CO2 and H2O

It is important to note that the above given radiolysis of chloroform occurs in
water. In contrast, the water content in our microspheres is rather low (2 %). It
is, therefore, likely that other free radicals or ‘lost electrons’ are the initiators of
the radiolysis of chloroform in PLLA microspheres. Indeed, Montanari et al.
described the radiolysis of PLGA and the formation of radicals by electron loss
[25]. Table 1 shows that chlorine was quantitatively converted into chloride for
samples which were irradiated in the Delft facility (Table 1.). In contrast, sam-
ples which were neutron-irradiated in the Petten facility showed a chloride con-
tent which was about one third of the initial chlorine amount. The differences in
chloride content between the two reactor facilities can be caused by a tempera-

microspheres retained their spherical character. Ho-PLLA-MS that were dried at
70 °C showed a surface that was slightly wrinkled (Fig. 1c). After neutron irra-
diation, their surfaces showed more roughness and also small fragments were
formed (Fig. 1d). The formation of these fragments is very probably the cause of
the small changes in the particle size distribution (97 vs. 94 %). After γ- irradia-
tion no surface changes were observed using SEM-analysis (not shown).
Placebo PLLA-MS (before and after neutron irradiation) had the same morphol-
ogy as Ho-PLLA-MS (SEM pictures not shown).

3.3 Determination of chlorine and chloride levels
The chloride and chlorine levels in the different microspheres dried at 50 °C
before and after neutron irradiation and gamma irradiation are shown in table 1.
The (Ho)-PLLA-MS had a chloroform content, as determined by GC, varying
from 1100 to 6700 ppm, which corresponds with 1000 to 6000 ppm chlorine.
Table 1 also shows that the chlorine contents in non-irradiated microspheres as
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3.4 Gas Chromatography-Mass Spectrometry (GC-MS)
No phosgene could be detected in neutron-irradiated microspheres using GC-
MS (method-1), which means that the level was below detection limit (20 ppb).
However, it cannot be excluded that phosgene was formed in microspheres dur-
ing radiation. However, phosgene  might have reacted with the water present in
the microspheres (2 %, section 3.2). 
GC-MS (method-2) of PLLA-MS and Ho-PLLA-MS dried at 50 °C and 70 °C
before irradiation showed that trace amounts of lactic acid were present. After
neutron irradiation the amount of lactic acid increased substantially. Moreover,
lactic acid oligomers like the lactyl-lactate dimer, trimer and tetramer were also
detected. We previously showed that chain scission of PLLA occurred during
neutron irradiation of (Ho-)PLLA-MS [1,13]. The detection of lactic acid
oligomers confirms these findings.

ture difference during irradiation. However, varying the temperature in the facili-
ties of either Delft or Petten to study the effect of temperature differences is
impossible. Therefore, the effect of temperature during irradiation was studied at
a fixed gamma dose of 200 kGy, since at this dose chlorine was also converted
into chloride (Table 1.). The temperature was varied between 30 to 70 °C and
the results are given in Fig. 2. This graph shows after irradiation that the Cl-

concentration in the microspheres slightly decreased from 30 to 50 °C. Above 50
°C a strong decrease in Cl- concentration was observed. DSC-analysis (shown in
Fig. 3) showed that the onset of the glass transition temperature of the micros-
pheres started at 50 °C. Therefore, it is likely, that with increasing temperature
chloroform evaporated particularly above the Tg of the PLLA matrices during
irradiation, which resulted in lower Cl- levels. 
Ho-PLLA-MS and PLLA-MS dried at 70 °C for 5 h had a chlorine content
below the GC detection limit (~300 ppm chloroform). However, neutron activa-
tion analysis of these samples showed that their chlorine content varied from 50-
100 ppm, corresponding with 60-110 ppm chloroform. These levels are just
above the earlier mentioned chloroform limit (from the ICH-guidelines) of 60
ppm. If these samples were subsequently neutron irradiated no chloroform could
be detected using headspace GC, making Ho-PLLA-MS suitable for clinical
application considering their residual solvent levels.
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Fig. 2 Cl- concentrations (ppm) in Ho-PLLA-MS dried at 50 °C after gamma irradiation with
200 kGy at varying temperatures

Fig. 3 Enlargement of the MDSC thermogram (reversing heat flow) of Ho-PLLA-MS irradiated
with 200 kGy. The glass transition starts at 50 °C and the Tg was determined at 60 °C.



(from 100 up to 1000 kGy) resulted in a further decrease of the molecular
weight (Mw from 9,000 to 1,600 and Mn from 6,000 to 1,400 g/mol; Table 2). 
In agreement with previous findings [13] neutron irradiation of (Ho)-PLLA-MS
caused a substantial decrease (~ 95%) in the Mw and Mn of PLLA. Again, the
changes in molecular weight due to neutron irradiation were independent of the
residual chloroform levels of the microspheres.

3.6 Differential Scanning Calorimetry (DSC)
Table 3 summarizes the results of the DSC-analysis of the different micros-
pheres and some representative thermograms are given in Figures 4 and 5. No
differences in the DSC-pattern were observed between PLLA-MS which were

3.5 Molecular weight determinations
The molecular weights of PLLA in (Ho)-PLLA-MS before and after irradiation
(gamma, neutron) are given in Table 2. GPC analysis of Ho-PLLA-MS showed
that the Mw and Mn of PLLA were lower than the molecular weights in PLLA-
MS. As reported before, this decrease in molecular weight is not caused by Ho-
induced degradation of PLLA [13,26], but is due to interactions between PLLA
and Ho-AcAc which results in a decrease in the hydrodynamic volume of PLLA
and thus in an apparent lower molecular weight. After gamma irradiation (25
kGy) the Mw and Mn of PLLA in PLLA-MS and Ho-PLLA-MS decreased with
~45 % and ~20 %, respectively. This decrease in molecular weights is caused by
chain scission induced by gamma irradiation [25], and was independent of the
applied drying procedure of the samples. Higher dosages of gamma-irradiation 
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gamma irradiation result in a substantial decrease in PLLA molecular weight by
which crystallization was prevented. It is however important to note that the
structural integrity of the Ho-PLLA-MS was preserved. 

4. Conclusion
This study shows that residual chloroform in Ho-PLLA-MS can be effectively
removed by neutron irradiation or a gamma-irradiation at a dose of 200 kGy. As
a result of radiolysis chloroform was converted into chloride and no harmful
phosgene could be detected in Ho-PLLA-MS. Although the microspheres were
affected by these high-energy radiations in terms of their molecular weight and
crystallinity, the particles retained their integrity and desired size between 20-50
µm, which is the main requirement for their clinical application. 

dried at 50 °C for 48 h or at 70 °C under vacuum, for 5 h. Gamma irradiation
(25 kGy) of PLLA-MS did not result in major changes in the DSC-pattern (Fig.
4). However, after neutron irradiation both the melting temperature (Tm) and
melting enthalpy decreased tremendously whereas no glass transition tempera-
ture (Tg) was detected (Fig. 4). Comparable DSC data were previously obtained
with samples neutron irradiated in the Petten reactor facility [13]. 
Before irradiation, Ho-PLLA-MS had a lower Tg, Tm and melting enthalpy than
non-loaded PLLA-MS (Table 3). Gamma irradiation (25 kGy) of Ho-PLLA-MS
did not result in major changes in the DSC-pattern (Fig. 5). However, with
increased dose the Tg as well as the Tm and melting enthalpy decreased signifi-
cantly. These results are in agreement with the GPC-data of Table 2, which show
that polymer degradation had occurred. With doses of 400 kGy or higher and
also after neutron irradiation of Ho-PLLA-MS lowering of the Tg was observed,
whereas no Tm was detected (Fig. 5). This means that neutron and high dose
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Fig. 4 MDSC thermograms (heat flow) of PLLA-MS before and after gamma irradiation
(25 kGy and neutron irradiation.

Fig. 5 MDSC thermograms (heat flow) of Ho-PLLA-MS before and after gamma irradia-
tion (25 kGy and 200 kGy) and neutron irradiation.
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1. Introduction
Radioembolization is a minimally invasive treatment for liver malignancies that
can be used when curative surgery is not possible [1-3]. This treatment makes
use of radionuclide-loaded microparticles with a size of 20–50 µm that are
delivered into the blood vessels in and around the tumour after administration
via a catheter. When these microspheres are administered into the hepatic artery
of patients suffering from liver malignancies, they will lodge in and around the
tumour and directly irradiate the tumour [1,2]. Radioactive microspheres can be
obtained by neutron irradiation in a nuclear reactor. Therefore, the microspheres
should be loaded with an element that can be easily neutron activated.
Holmium-165 is a non-radioactive element with a high cross-section of 64 barn
and a natural abundance of 100% [1,4], allowing a fast and simple neutron acti-
vation procedure. Neutron irradiation of holmium-165 results in the formation
of radioactive holmium-166 (physical half-life of 26.8 h), a β-emitter (Emax=
1.84 MeV) suitable for radionuclide therapy that also emits photons (80.6 keV,
6.2 %) usable for imaging with a gamma camera. Holmium-165 can be incorpo-
rated into poly (L-lactic acid) (PLLA) microspheres as its acetylacetonate com-
plex (HoAcAc) using a solvent evaporation technique [5]. 
It is important that therapeutic radiopharmaceuticals have a high radiochemical
stability. The release of radioactive holmium from the microspheres will result
in distribution over other organs than the liver, which can lead to serious
adverse events. Previous papers report that, although the molecular weight of
the PLLA decreased due to the neutron irradiation, the microspheres retained
their integrity [5]. Moreover, two days after administration, the amount of
holmium-166 in urine and faeces of treated rabbits was less than 0.1 % of the
administered dose [6] indicating that holmium remained stably incorporated in
the microspheres. However, the long-term effects concerning the chemical toxic-
ity and biocompatibility of Ho-PLLA-MS are unknown and need further exami-
nation. Consequently, a clear insight into the degradation characteristics of the
microspheres and the nature of the formed degradation products is essential.
It is well known that gamma irradiation also changes the properties of polymeric
microspheres [7] and therefore besides the effect of neutron irradiation, the
effect of gamma irradiation on the degradation characteristics of the micros-
pheres was also studied. Gamma irradiation is a well-established sterilization

Abstract
The clinical application of holmium loaded poly (L-lactic acid) (PLLA) micros-
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12 months. At different time points the microspheres were analyzed with differ-
ential scanning calorimetry (DSC), scanning electron microscopy, particle size
analysis and infrared spectroscopy; the molecular weight of PLLA was deter-
mined with gel permeation chromatography. The release of holmium into the
buffer was determined by measurement of metastable radioactive holmium (Ho-
166m).
In contrast with the other microsphere formulations that retained their spherical
shape after 52 weeks of incubation in buffer, only the neutron-irradiated Ho-
PLLA-MS disintegrated after a period of 24 weeks. At the end of the experiment
(52 weeks) highly crystalline fragments, as evidenced from DSC analysis, were
present. Infrared spectroscopy showed that these fragments consisted of holmi-
um lactate. However, despite the fact that the microspheres disintegrated at week
24, holmium was not detected in the buffer solution and was consequently
retained in the formed holmium lactate crystals. 
In conclusion, this study demonstrates that the degradation of neutron-irradiated
Ho-PLLA-MS was substantially accelerated by the HoAcAc incorporation and
subsequent neutron irradiation. The degradation of these microspheres in aque-
ous solution resulted in the formation of insoluble holmium lactate microcrystals
without release of Ho3+.
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were purchased from Merck (Darmstadt, Germany). Dichloromethane (DCM,
HPLC-grade), dimethylformamide (DMF, HPLC-grade) and tetrahydrofuran
(THF, HPLC-grade) were obtained from Biosolve (Valkenswaard, The Netherlands). 

2.2 Preparation of HoAcAc and microspheres
HoAcAc was prepared as described previously [5]. In brief: acetylacetone (180
g) was dissolved in water (1080 g). The pH of this solution was brought to 8.50
with an aqueous solution of ammonium hydroxide. Holmium chloride (10 g dis-
solved in 30 ml water) was added to this solution. After 15 hours incubation at
room temperature, the formed HoAcAc crystals were collected by centrifugation
and washed with water. 
HoAcAc (10 g) and PLLA (6 g) were dissolved in 186 g chloroform. The result-
ing homogeneous solution was added to one litre of an aqueous solution of PVA
(2 %). The mixture was stirred (500 rpm) for 40 hours at room temperature and
the formed microspheres were collected by centrifugation. The microspheres
were washed three times with water, three times with 0.1 M HCl and finally
three times with water. The washed microspheres were size fractionated with a
wet sieving system consisting of an Electromagnetic Sieve Vibrator (EMS 755)
combined with an Ultrasonic Processor (UDS 751) (both from Topas GmbH,
Dresden, Germany). The collected microspheres (about 4 grams, size between
20 and 50 µm) were dried at 70 °C under vacuum for 5 h using a rotating Glass
Oven (B-580 GKR, Buchi). The holmium content in microspheres was deter-
mined by a complexometric titration as described previously [16]. Placebo
PLLA-microspheres without HoAcAc loading were prepared in the same way.
After drying, microspheres (~250 mg) were packed in polyethylene vials.

2.3 Neutron and gamma irradiation
Neutron irradiations were performed in the pneumatic rabbit system (PRS) in
the reactor facility in Delft (Department of Radiation, Radionuclides and
Reactor, Delft University of Technology, The Netherlands). The polyethylene
vials with Ho-PLLA-MS (~250 mg) were neutron-irradiated with a thermal neu-
tron flux of 5x1012 cm-2·s-1 during 6 h. The neutron-irradiated microspheres
were stored in closed vials at room temperature and analyzed after one month.
Gamma sterilization of the samples with a dose of 25.0 kGy was performed
using a cobalt-60 source (Isotron, Ede, The Netherlands). 

method for PLLA and might therefore be a useful option for the sterilization of
Ho-PLLA-MS [8].
Hydrolysis of ester bonds in poly(lactic acid) results in the formation of soluble
lactic acid oligomers which are ultimately converted into lactic acid [9-11]. By
this hydrolytic process, PLLA microspheres disintegrate and finally ‘dissolve’ in
time. The degradation of (drug-loaded) PLLA microspheres is dependent on
many factors, such as the size, morphology, molecular weight of PLLA and the
type of drug and drug loading [12,13]. In view of this, there are two factors that
can have a large influence on the degradation of Ho-PLLA-MS. The first factor
is the neutron irradiation [5], which results in substantial decrease in molecular
weight of PLLA and a loss of its crystallinity [14].  The second factor is the high
drug loading, because 50 % of the microsphere matrix consists of HoAcAc. It
was demonstrated that the Ho-ion interacts with the carbonyl groups of PLLA
[15] which in turn might affect the hydrolytic degradation of PLLA.
In order to understand the consequences of these factors, an in-vitro degradation
study was conducted. Knowledge of the degradation pattern of Ho-PLLA-MS is
of great importance for evaluation of the biocompatibility of these microspheres
in animals and their application in patients. 

2. Materials and Methods
2.1 Materials
All chemicals were commercially available and used as obtained. Acetylacetone,
2,4-pentanedione (AcAc; > 99 %), chloroform (CHCl3; HPLC-grade),
poly(vinyl alcohol) (PVA; average MW 30 000 – 70 000, 88 % hydrolyzed)
and ammonium hydroxide (NH4OH; 29.3% in water) were supplied by Sigma
Aldrich (Steinheim, Germany). Sodium hydroxide (NaOH; 99.9 %) was pur-
chased from Riedel-de Haën (Seelze, Germany). Holmium (III) chloride hexahy-
drate (HoCl3.6H2O; 99.9 %) was obtained from Phase Separations BV
(Waddinxveen, The Netherlands). L-lactic acid (90 % solution; USP-grade) and
poly(L-lactic acid) (PLLA; inherent viscosity 1.14 dl/g in chloroform at 25 °C)
were purchased from Purac Biochem (Gorinchem, The Netherlands).
Hydrochloric acid (HCl; 37 %), sodium azide (NaN3; 99 %), di-sodium hydro-
gen phosphate dihydrate (Na2HPO4.2H2O; 99 %), sodium dihydrogen phos-
phate dihydrate (NaH2PO4.2H2O; 99 %) and lithium chloride (LiCl; > 99 %)
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counter (Multisizer 3, Beckman Coulter, The Netherlands) equipped with a 100-
µm orifice.
The surface morphology of the Ho-PLLA-microspheres was investigated by scan-
ning electron microscopy (SEM) using a Philips XL30 FEGSEM. A voltage of 5
or 10 kV was applied. Samples of the different microsphere batches were mounted
on aluminium stubs and sputter-coated with a Pt/Pd layer of about 10 nm.

2.8 Gel Permeation Chromatography (GPC)
The weight-average molecular weight (Mw) and number-average molecular
weight (Mn) of PLLA of non-irradiated and gamma-irradiated PLLA- and Ho-
PLLA-MS were determined by GPC with two thermostated (35 °C) columns in
series (PL gel Mixed-D, Polymer Laboratories, Amherst, USA). A refractive
index detector (type 410, Waters, Milford, USA) was used. Samples of approxi-
mately 10 mg were dissolved in 5 ml chloroform and filtered through 0.45 µm
HPLC-filters (Waters). Elution was performed with chloroform and the flow-
rate was 1 ml/min. 
The Mw and Mn of PLLA of the neutron-irradiated PLLA-MS and Ho-PLLA-
MS were determined by another GPC-method using two thermostated (40 °C)
columns in series (Mesopore, Polymer Laboratories). Samples of approximately
10 mg were dissolved in 5 ml THF and filtered through 0.45 µm HPLC-filters
(Waters). Elution was performed with THF and the flow-rate was 1 ml/min. The
Mesopore column was used since low molecular weights of PLLA were expect-
ed due to the neutron irradiation [14,19] and THF is a suitable solvent for (neu-
tron-irradiated) PLLA [19].
The columns were calibrated using poly(styrene) standards of known molecular
weights (Shodex and Tosoh, Polymer Laboratories). Analyses were performed in
duplicate.

2.9 Differential Scanning Calorimetry (DSC)
Modulated DSC (MDSC) analyses were performed with a DSC Q1000 (TA
Instruments, USA). Samples of approximately 5 mg were transferred into alu-
minium pans. Scans were recorded under ‘heating only’ conditions, with a heat-
ing rate of 1 °C/min and cooling rate of 2 °C/min. The settings were periods of
30 s and a temperature modulation amplitude of 0.5 °C was applied. Samples

2.4 Degradation of microspheres
Microsphere samples (100 mg) were incubated in test tubes containing 5 ml of
an isotonic phosphate buffer (174 mM, pH  7.4) and continuously shaken at 37
∞C. Sodium azide (0.05 %) was added to the buffer to prevent bacterial growth.
At predetermined time points (1, 4, 8, 12, 16, 24, 32, 40 and 52 weeks), samples
were centrifuged for 5 min at 2000 rpm and the supernatant was collected. The
microspheres were washed two times with water, dried for three days at room
temperature (without further treatment) and weighed. The microspheres and
supernatant were used for further analysis.

2.5 Release of holmium
The release of holmium from neutron-irradiated microspheres was determined
by measurement of metastable radioactive holmium (Ho-166m) in the super-
natant and in the degraded microspheres using a low-background γ-counter
(Tobor, Nuclear Chicago, USA). Ho-166m is a metastable isotope formed in a
small fraction (7 ppm of the total amount of newly formed isotopes) during acti-
vation of Ho-165. The concentration of Ho-166m in the samples was low but
detectable. After the decay of Ho-166 (half-life of 26.8 h) during one month of
storage, Ho-166m (half-life ~1200 year) is the only persisting radioactive iso-
tope in the microspheres and can therefore be reliably and accurately detected as
demonstrated previously [17]. 

2.6 Holmium lactate
Holmium lactate was prepared as follows. (L)-lactic acid (1.0 g) was dissolved
in 10 ml of distilled water and the pH was adjusted to 6.0 with a sodium hydrox-
ide solution (1 M). Holmium chloride (4.2 g) was dissolved in 20 ml of water
and subsequently added to the sodium lactate solution, and a precipitate was
formed. The reaction was performed at pH 6.0 since it is known that at higher
pH-values holmium hydroxide can be formed [18]. The precipitated holmium
lactate was washed three times with water and dried for 48 h at 50 °C. 

2.7 Determination of particle size distribution and evaluation of the surface
morphology of the microspheres
The particle size distribution of microspheres was determined using a Coulter
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In chapter 7 of this thesis we showed that hardly any release of holmium
occurred during 270 h incubation of Ho-PLLA-MS in a phosphate buffer (0.5 %
± 0.2 %) [20]. In the present study the release was followed for longer times and
it was shown that during a time span of 52 weeks only 0.7 % ± 0.2 % had released. 
The weight loss of neutron-irradiated Ho-PLLA-MS incubated in buffer in time
is given in Figure 1. This figure shows that the weight of these microspheres
decreased in time; the total weight loss was ~ 60 % at the end of the degradation
experiment (52 weeks). In contradistinction, the other microsphere formulations
showed no significant weight loss during 52 weeks, which is in line with data
reported on the in vitro degradation of PLLA fibers [21]. 

3.2 SEM and particle size distribution 
Particle size analysis showed that the size of neutron-irradiated Ho-PLLA-MS
remained more or less constant during the first 16 weeks of incubation (Fig. 2).
Thereafter, the particle size changed considerably and remained almost constant
again from week 24 till week 52. No significant particle size changes were
observed for the other microsphere formulations. 
SEM analysis showed that PLLA-MS without HoAcAc-loading, including the
neutron-irradiated ones, retained their spherical shape and smooth surface until 

were heated from 20 °C to 230 °C. The Universal Analysis 2000 software (ver-
sion 3.9A) was used for evaluation. Analyses were performed in duplicate. 

2.10 Infrared spectroscopy
Infrared spectra were recorded on a Bio-Rad FTS 6000 spectrometer
(Cambridge, USA), in the range of 400-4000 cm-1 (scan number 64, resolution
2 cm-1). Samples of microspheres and of holmium lactate were mixed with
spectroscopy grade KBr (Merck, Darmstadt, Germany) and pressed into a tablet
using a pressure of 8·103 kg/cm2.

3. Results and discussion
3.1 Release of holmium and weight loss
The characteristics of the prepared Ho-PLLA-MS were in compliance with pre-
vious results [5,14,16]. In brief: the holmium loading was 17.0 ± 0.5 %, corre-
sponding with a loading of HoAcAc of ~50 % (w/w). More than 97 % of the
microspheres (with and without HoAcAc-loading) had a size between 20-50 µm
after sieving. No differences in size distributions were observed after gamma
irradiation (25 kGy), whereas after neutron irradiation still more than 95 % of
the microspheres had a size between 20 and 50 µm.
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Fig. 1 Weight loss of neutron-irradiated PLLA-MS and neutron-irradiated Ho-PLLA-MS during
degradation time. The weight loss of neutron-irradiated PLLA-MS is comparative to the weight
loss of the other microsphere formulation and is shown here as a typical example.

Fig. 2 Mean particle size of neutron irradiated Ho-PLLA-MS during the degradation experiment.



3.3 GPC
The initial molecular weights of PLLA in the different microsphere formulations
before incubation in buffer are given in Table 1 and were in compliance with
previous studies [14,15]. In summary, the Mw and Mn of PLLA in Ho-PLLA-
MS were lower than the molecular weights in PLLA-MS. This decrease in
molecular weight is not caused by holmium-induced degradation of PLLA
[14,15], but is due to interactions between PLLA and Ho-AcAc which results in
a decrease in the hydrodynamic volume of PLLA and thus in an apparently
lower molecular weight. After gamma irradiation (25 kGy) the Mw and Mn of
PLLA in PLLA-MS decreased with ~45 % and ~25 %, respectively, and the Mw
and Mn of PLLA in Ho-PLLA-MS decreased with ~20 % and ~35 %, respec-
tively. Neutron irradiation of (Ho)-PLLA-MS caused a substantial decrease (~
95%) of the Mw and Mn of PLLA, likely due to chain scission [14].
The Mw and Mn of PLLA in PLLA-MS as a function of degradation time are
shown in Fig. 4. A slight decrease in both Mw and Mn was observed for non-
irradiated PLLA-MS in time.  The Mw and Mn of PLLA in gamma-irradiated
PLLA-MS decreased faster in time ending up with a Mw and Mn of ~27,000
and ~20,000 g/mole, respectively. It has indeed been reported that gamma irra-
diation accelerates the hydrolytic degradation of PLA [22] which is ascribed to
the higher number of hydrophilic end groups (COOH and OH) which acceler-
ates PLLA decomposition autocatalytically [22]. 

The Mw of PLLA in neutron-irradiated PLLA-MS decreased from ~2000 to
~1100 g/mol in 12 weeks of incubation in buffer and remained more or less con-
stant hereafter, which explains that these microspheres stayed intact during the
degradation experiment (Fig. 3C, SEM analysis). These GPC-results are in

the end of the degradation experiment (52 weeks) (Fig. 3A-C). In contradistinc-
tion, SEM showed that Ho-PLLA-MS (Fig. 3D) and gamma-irradiated Ho-
PLLA-MS (Fig. 3E) had a wrinkled surface, but retained their spherical shape.
SEM analysis of neutron-irradiated Ho-PLLA-MS showed that these micros-
pheres disintegrated after 24 weeks of incubation in buffer (Fig. 3G) and that
fragments were present (Fig. 3H) consisting of small needle-shaped crystals
(Fig. 3I). 
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Fig. 3 SEM-pictures of PLLA-MS (A), gamma irradiated PLLA-MS (B), neutron irradiated
PLLA-MS (C), Ho-PLLA-MS (D) and gamma irradiated Ho-PLLA-MS (E) after 52 weeks of
incubation in buffer. (F), (G) and (H) are neutron irradiated Ho-PLLA-MS after 12, 24 and 52
weeks of incubation in buffer respectively. (I ) is a detailed picture of (H) and shows the pres-
ence of needle shaped crystals.



The Tg, Tm and melting enthalpy of PLLA-MS and Ho-PLLA-MS after incuba-
tion in buffer are shown in Figure 5. In time, a slight decrease in Tg and Tm
was observed for non-irradiated PLLA-MS and gamma-irradiated PLLA-MS,
whereas the melting enthalpy first slightly decreased and later increased. A
decrease in Tm and an increase in the melting enthalpy was also observed for
neutron-irradiated PLLA-MS. The increase in crystalline fraction in time can be
explained by the observation that degradation of PLLA mainly occurred in its
amorphous phase [21,24]. Moreover, it has been reported that crystallisation of
the amorphous phase can occur during the degradation process [21,25], which is
likely also the case in this study. 

agreement with the paper of Suuronen et al [23], who followed the degradation
of PLLA plates for a period of 5 years and showed that the molecular weight of
PLLA decreased from ~50,000 to ~3,000 g/mol after 2 years of incubation in
buffer and remained at ~3,000 g/mol during the following 3 years. 
Remarkably, PLLA in degraded non-irradiated as well as gamma- and neutron-
irradiated Ho-PLLA-MS could not be analyzed with GPC since it was not possi-
ble to dissolve Ho-PLLA-MS in suitable solvents like chloroform, DCM, THF,
DMF with and without 10 mM of LiCl, even after heating of the solvents to 50 °C.
As shown before, Ho3+ interacts with the carbonyl groups of PLLA [15], and
obviously these interactions increase in time yielding an insoluble matrix.

3.4 DSC
Table 2 summarizes the results of the DSC-analysis of the different micros-
pheres before incubation in buffer. The results were in compliance with previous
studies [14,15]. In summary, compared to non-irradiated PLLA-MS, gamma
irradiation of PLLA-MS did not result in major changes in the Tg, Tm and melt-
ing enthalpy. However, after neutron irradiation both the melting temperature
(Tm) and melting enthalpy of PLLA decreased tremendously, whereas no glass
transition temperature (Tg) was detected. Non-irradiated Ho-PLLA-MS had a
lower Tg, Tm and melting enthalpy than non-loaded PLLA-MS (Table 2) indi-
cating that the PLLA-phase in Ho-PLLA-MS had a low degree of crystallinity
[15]. Gamma irradiation of Ho-PLLA-MS did not result in changes of the Tg,
Tm and melting enthalpy. In contrast, after neutron irradiation of Ho-PLLA-MS
lowering of the Tg was observed, whereas no Tm was detected due to the loss of
crystallinity [14]. 
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Fig. 4 Mw and Mn of PLLA in non-irradiated (non), gamma-irradiated (gamma) and neutron irradiat-
ed (neutron) PLLA-MS as a function of degradation time.



The Tg and Tm of both non- and gamma-irradiated Ho-PLLA-MS decreased
somewhat faster than the Tg and Tm of PLLA-MS formulations as a function of
the degradation time. No Tg of non-irradiated and gamma-irradiated Ho-PLLA-
MS could be observed after 40 and 16 weeks of incubation in buffer respective-
ly probably due to crystallisation of the amorphous phase during the degradation
process [21,25].
For neutron-irradiated Ho-PLLA-MS neither a Tg nor a Tm could be detected in
the degraded microspheres. The absence of a Tg might be caused by the interac-
tion of Ho3+ with the carbonyl groups of PLLA [15], which results in a rigid
structure.  The absence of crystallinity in neutron-irradiated Ho-PLLA-MS like-
ly caused their relatively fast degradation. Generally, with decreasing crystallini-
ty in microspheres the degradation rate increases [13]. An explanation for the
observation that neutron-irradiated Ho-PLLA-MS did degrade while neutron-
irradiated PLLA-MS did not degrade in the timeframe studied, might be caused
by the HoAcAc-loading. Previous research has shown that HoAcAc is responsi-
ble for a low degree of crystallinity of the PLLA phase [15].  Remarkably, neu-
tron-irradiated Ho-PLLA-MS which were incubated in buffer for 52 weeks
showed a sharp Tm at 201 °C (Fig. 6) which corresponds with that of holmium
lactate (Figure 6). 
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Fig. 5 Tg, Tm and melting enthalpy of non-irradiated (non), gamma-irradiated (gamma) and
neutron irradiated (neutron) microspheres as a function of degradation time.

Fig. 6 DSC-thermogram of the insoluble residue after 52 weeks of degradation of neutron
irradiated Ho-PLLA-MS and a holmium lactate reference



holmium lactate, assuming that Ho3+ is complexed by three lactate groups.
In conclusion, this study demonstrates that in contradistinction to neutron-irra-
diated PLLA-MS and non-irradiated Ho-PLLA-MS, neutron-irradiated Ho-
PLLA-MS undergo hydrolytic degradation and as a result disintegrate. This pro-
cess resulted in the formation of insoluble holmium lactate. An in-vivo study
(Chapter 6 of this Thesis) will give a decisive answer about the consequences of
the degradation characteristics and formation of holmium lactate for the biocom-
patibility of neutron-irradiated Ho-PLLA-MS.
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1. Introduction
More than half of the one million patients diagnosed with colorectal cancer each
year world wide, will develop liver metastases at some point in the course of
their disease [1,2]. When these patients are not treated, their median survival is
6–12 months [2]. It is estimated that only 20–30 % of patients with colorectal
metastases are candidates for curative liver resection [3]. Patients with primary
liver cancer (with a yearly incidence of 600,000) have the same poor prognosis
as well.
Local radionuclide therapy using radioactive microspheres is a promising thera-
py for the non-operable group of patients suffering from liver malignancies [4].
In contrast to normal liver tissue, which receives most of its blood flow from the
portal vein, liver malignancies are almost exclusively dependent on arterial
blood supply [5]. Based on this difference in blood supply, it has been demon-
strated that radioactive microspheres with a diameter between 20 and 50 µm
that are injected into the hepatic artery, selectively lodge in and around the
tumours and  thereby irradiate the surrounding tissue [4,5]. 
The treatment of cancer with holmium-166 loaded microspheres has obvious
advantages over the use of other radionuclides, because holmium is the only ele-
ment which can be easily neutron-activated (it has a cross-section of 64 barn
[4]) to a beta- and gamma-emitter with a logistically favourable half-life (Table
1), and it can also be visualized by magnetic resonance imaging (MRI) [6,7].
Using a solvent evaporation technique, non-radioactive holmium-165 can be
incorporated into poly(L-lactic acid) (PLLA) microspheres as its acetylacetonate
complex (HoAcAc). In a subsequent step, the microspheres (Ho-PLLA-MS) can
be neutron activated [8].  

Abstract
The aim of this study was to get insight into the biocompatibility of holmium-
166 loaded poly(L-lactic acid) microspheres (Ho-PLLA-MS). These micros-
pheres have very interesting features for diagnosis and treatment of both primary
and metastatic liver tumours. The biocompatibility of Ho-PLLA-MS was studied
in healthy male Wistar rats. The rats were divided into four treatment groups:
sham, decayed neutron-irradiated Ho-PLLA-MS, Ho-PLLA-MS and placebo
microspheres without HoAcAc-loading. After implantation of the microspheres
into the liver of the rats, the animals were monitored (body weight, temperature,
liver enzymes) for a period of 14 to 18 months. Some of the rats that received
previously neutron-irradiated Ho-PLLA-MS were periodically scanned with
magnetic resonance imaging (MRI) to see if holmium was released from the
microspheres. After sacrification, the liver tissue was histologically evaluated.
Bone tissue was subjected to neutron activation analysis in order to examine
whether accumulation of released holmium in the bone had occurred, since it is
known that holmium is a ‘bone-seeker’.
No measurable clinical and biochemical toxic effects were observed in any of
the treatment groups. Furthermore, histological analyses of liver tissue samples
only showed signs of a slight chronic inflammation and no significant differ-
ences in the tissue reaction between rats of the four different treatment groups
could be observed. The non-irradiated PLLA-MS and Ho-PLLA-MS stayed
intact during the observed period of eigtheen months. In contrast, fourteen
months after administration, the neutron-irradiated Ho-PLLA-MS were not com-
pletely spherical anymore, indicating that degradation had started. However, the
holmium loading had not been released as was illustrated with MRI and
affirmed by neutron activation analysis of bone tissue. 
In conclusion, neutron-irradiated Ho-PLLA-MS have a good biocompatibility
and can be applied safely in-vivo. 
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2. Materials and Methods
2.1 Animals
The experiments were performed in agreement with The Netherlands
Experiments on Animals Act (1977) and the European Convention for the
Protection of Vertebrate Animals used for Experimental Purposes (1986).
Approval was obtained from the University Animal Experiments Committee
(DEC-UMC nr. 0303032). The experiments were performed using 48 male
pathogen-free, inbred Wistar rats (HsdCpb:WU; Harlan, Horst, The
Netherlands) with an age of 12-14 weeks including a quarantine period of 2
weeks. The rats were housed in Macrolon cages (groups of 2 or 3 animals per
cage) with sawdust provided as bedding. A standard pelleted rat maintenance
diet (RMH-TM, Hope Farms, Woerden, The Netherlands) and acidified water
were provided ad libitum.  

2.2 Preparation of microspheres
Microspheres with and without HoAcAc loading were prepared as previously
described [8,11]. After preparation, the microspheres (~250 mg) were packed in
polyethylene vials and gamma- or neutron-irradiated, both resulting in a sterile
product. Gamma sterilization of microspheres with a dose of 25.0 kGy was per-
formed using a cobalt-60 source (Isotron, Ede, The Netherlands). Neutron irra-
diations were performed in the pneumatic rabbit system in the reactor facility in
Delft. Ho-PLLA-MS were neutron-irradiated with a thermal neutron flux of
5x1012 cm-2·s-1 and the irradiation time was 6 h. To ensure low levels of
microsphere-associated radioactivity, the animal experiments were performed
after decaying the microspheres for one month storage at room temperature in
closed vials. 
After neutron irradiation or gamma sterilization, microspheres (~250 mg) were
mixed with 0.1 ml Gelofusine® (Vifor Medical SA, Switzerland). The resulting
paste was divided into six portions and pressed into the cone of a 1 ml syringe
(BD Plastipak, Madrid, Spain). After drying for 48 h at room temperature, a
solid cylindrically shaped cluster of 32 ± 3 mg microspheres was formed in the
cone of the syringe (dimensions 1.5 x 8 mm). The cylindrically shaped plugs
were removed from the syringe and subsequently implanted into rats (see secti-
on 2.3). 

In contradistinction to most radiopharmaceuticals where the amount of the
administered drug is in the nanogram-scale, effective treatment of patients with
radioactive Ho-PLLA-MS requires the administration of 500-800 mg of micros-
pheres. Therefore, besides the radiotoxicity, also the biocompatibility of this new
radiopharmaceutical has to be studied in order to evaluate its clinical applicability.
The two main components of Ho-PLLA-MS are HoAcAc and PLLA (both
around ~50% w/w). PLLA is a biodegradable and biocompatible polymer, which
degrades, depending on factors such as its molecular weight and crystallinity, in
a timeframe of months to years [9]. The effects of neutron irradiation on PLLA
has been studied and reported in previous papers [8,10,11]. Although the molec-
ular weight of the PLLA decreased due to the irradiation, the chemical entity of
the polymer was retained [10]. However, it needs to be studied what the conse-
quences of this decrease in molecular weight are in terms of the degradation
characteristics of Ho-PLLA-MS and the subsequent possible release of HoAcAc. 
HoAcAc is a water-insoluble complex consisting of Ho3+coordinated with three
acetylacetonate ligands and with one or two water molecules [12]. Although the
toxicity of HoAcAc is not known yet, the toxicity of Ho3+ and acetylacetonate
has been studied. Compared with heavy metals, the toxicity of the rare-earth
metal holmium is relatively low; LD50 values of intravenously or intraperi-
toneally holmium salts are in the range of 50-500 mg/kg bodyweight [13]. It has
been shown that non-complexed holmium can accumulate in the skeleton and
the liver [14]. The LD50 of acetylacetonate after oral administration, inhalation
or skin and eye contact in rodents is about 1000 mg/kg [15].
The purpose of this study was to investigate the short and long term chemical
toxicity of Ho-PLLA-MS in healthy rats as well as their biodegradation and
release of the holmium loading. Microspheres were implanted into the liver of
the rats, and the animals were intensively monitored (body weight, temperature,
liver enzymes). Furthermore, the paramagnetic behaviour of holmium allowed
the visualisation of the microspheres in vivo with MRI. After the rats were sacri-
ficed, the liver tissue was histologically evaluated. Bone tissue was subjected to
neutron activation analysis in order to examine if holmium had released and if
accumulation in the bone had occurred.
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group were sacrificed using CO2. At autopsy the thoracic (heart and lungs) and
abdominal organs (liver, stomach, intestines, kidneys and spleen) were inspected
for macroscopical aberrations and fixed in phosphate-buffered 4% formaldehyde
(Klinipath, Duiven, The Netherlands). Tissue samples from the liver near the
implantation site were taken in order to evaluate the tissue reaction on the
microspheres. The liver tissue was embedded in paraffin wax and 6 µm thick
sections were prepared after every 60 µm. The sections were stained with
haematoxylin-eosin and histologically evaluated with light microscopy. The tis-
sue response was rated according to the following scoring system: - = no pres-
ence till ++++ = extensive presence of lymphocytes, granulocytes, macrophages
and foreign body giant cells. The tissue samples were also examined (and
scored) for the proliferation of bile ducts and the formation of a layer of connec-
tive tissue around the microspheres (rate of encapsulation) as well as changes in
the morphology of the microspheres.

2.5 Neutron activation analysis
The concentration of holmium in bone tissue was measured by instrumental
neutron activation analysis at the Reactor Institute of the Delft University of
Technology in Delft, The Netherlands, as described earlier [16,17]. About 300
mg of bone material was weighed into a polyethylene capsule. Together with
standard holmium material (CertiPUR Holmium ICP Standard (traceable to
SRM from NIST), Merck, Darmstadt, Germany) the samples were irradiated for
1.0 h in a thermal neutron flux of 5x1012 cm-2·s-1. Neutron irradiations were
performed in the pneumatic rabbit system (PRS) in the reactor facility in Delft
(Department of Radiation, Radionuclides and Reactor, Delft University of
Technology, The Netherlands). After a decay time of 6 days the gamma radia-
tion of these samples was measured for 1 hour in a planar Ge(Li) detector
(Princeton gamma-tech, Germany). The addition of standard holmium material
to the bone tissue samples was used to determine the detection limit [18].

2.6 Magnetic Resonance Imaging (MRI) and Computed Tomography (CT) 
To study the release of holmium from the site of implantation, two rats (neu-
tron-irradiated Ho-PLLA-MS, 14 months surviving) were periodically scanned
with MRI. Ho-PLLA-MS packed together in a cylindrical element results in a

2.3 Implantation of the microsphere plugs into rats
Rats were divided in four treatment groups (12 animals per group) which
received neutron-irradiated Ho-PLLA-MS, gamma-sterilized Ho-PLLA-MS,
gamma-sterilized PLLA-MS or Gelofusine®. Prior to and 4 and 12 h after the
operation 0.1 ml of buprenorfin hydrochloride (Temgesic , 0.3 mg/ml injection;
Reckitt and Coleman, Hull, England) was injected subcutaneously for pain
relief. The rats were anaesthetized using N2O and halothane (Albic BV,
Maassluis, The Netherlands) as inhalation anaestheticum. During the operation,
dryness of the rat’s eyes was prevented using vitamin A ointment (Opthosan®,
AST Farma B.V., Oudewater, The Netherlands). When the animals were fully
sedated, a laparotomy was performed by ventral mid-line incision in order to
expose the lobes of the liver. The microsphere plug was placed in a trocard nee-
dle (outer diameter 2 mm, Instruvet, Cuijk, The Netherlands) and the intact plug
was injected into the lobus hepatis dexter lateralis. A sham operation was per-
formed by injecting 0.1 ml Gelofusine® instead of microspheres. After the
implantation procedure, 5 ml of saline was given intraperitoneally and the inci-
sion wound was closed with Vicryl® 4.0 suture material (Eticon, Sommerville,
USA). 

2.4 Biocompatibility evaluation
Blood samples (~ 500 µl) were taken using a saphenous vein puncture and col-
lected into gel barrier capillary blood collection tubes (Capiject® T-Mg, Terumo,
Elkton, USA) at the start of the operation, 3 days after operation, weekly during
the first month and monthly during the rest of the study. Blood was centrifuged
at 3000 rpm for 10 min and the serum was frozen at –20°C. The serum samples
were analyzed at the Department of Clinical Chemistry (University Medical
Center Utrecht, The Netherlands) for alkaline phosphatase (ALP) as an indicator
of biliary toxicity and for alanine aminotransferase (ALAT), aspartate amino
transferase (ASAT) and gamma glutamyltransferase (γ-GT) as indicators of
hepatocellular toxicity. After blood sampling, the rats were weighed and their
body temperature was measured rectally. 
At six predetermined time points (3, 30, 90, 180, 300 and 420 days for sham
operated and neutron-irradiated Ho-PLLA-MS and 3, 30, 180, 300, 420 and 540
days for gamma-sterilized PLLA-MS and Ho-PLLA-MS) two rats from each
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3. Results and discussion
3.1 Clinical and biochemical evaluation
Plugs composed of microspheres were implanted in the liver of rats in order to
study the tissue response and biodegradation. The trauma that was caused
because of the implantation by use of the trocard needle did not result in major
bleedings in the liver tissue.  
Changes in body weight are an indicative parameter for toxic effects in laborato-
ry animals [20]. The average body weight of the different rat groups in time is
given in Fig. 1. The initial body weight of rats (~ 400 g) in all treated groups
were in compliance with normal values for Wistar rats as well as their growth in
the period after the operation [20]. After a period of around 300 days, a body
weight of 600-700 g was reached and thereafter no further growth was observed.
No significant differences in body weight between the four groups were observed.
The body temperature of the rats was intensively monitored during the study
and no signs of hypothermia (temperatures below 38 ºC) or fever (temperature
above 39.5 ºC) were observed in any of the four groups. 

macroscopic magnetic susceptibility effect. On gradient echo MRI, this suscepti-
bility effect causes signal loss with a characteristic pattern: in the transverse
plane (perpendicular to the cylindrical elements, which were oriented parallel to
the main magnetic field) this pattern is a black circular region, encircled by a
wider black ring (generally much larger than the actual size of the cylindrical
elements). The volume is approximately proportional to the amount of paramag-
netic material [19] and can be used to study the actual amount of Ho-PLLA-MS.
A 1.5 T clinical MR scanner (Gyroscan Intera NT, Philips Medical Systems,
Best, The Netherlands) was used.  For calibration purposes, a series of Ho-
PLLA-MS plugs (5-50 mg Ho-PLLA-MS) was investigated in a phantom exper-
iment. The plugs were aligned with the main magnetic field and investigated in
the middle of a large cylindrical cup, filled with a solution of 19.2 mg/L
MnCl2.4 H2O (Merck, Darmstadt, Germany) to mimic the MR signal from tis-
sue protons. Transverse images were made using spoiled gradient echo imaging
with a field of view (FOV) 256 mm, in-plane resolution 1 mm, slice thickness
20 mm, echo time (TE) 5.0 msec, repetition time (TR) 60 ms, flip angle 15
degrees, 8 signal averages, duration 1:25. The animals were anaesthetized using
0.3 ml of Hypnorm® (Janssen Pharmaceutica, Beerse, Belgium). The rats under-
went MR imaging just after implantation and after 2, 6, 9, and 14 months. The
imaging protocol included a transverse gradient echo acquisition with the same
parameters as for the calibration experiment. Just before termination, the shape
of the plugs was investigated by helical scanning with a clinical CT scanner
(Brilliance CT, Philips Medical Systems, Best, The Netherlands) with a collima-
tion of 64x0.625 mm, FOV 250 mm, in-plane resolution 0.48 mm, section thick-
ness 1 mm, 120 kV tube voltage with 200 mA per slice tube current, rotation
time 1 second, pitch 0.678, reconstruction filter B (soft tissue filter). After acqui-
sition and reconstruction of the MR images, the size of artifacts was determined
by measuring the diameter of the outer ring of signal loss. A calibration curve
was made by plotting the observed artifact size against given amounts of Ho-
PLLA-MS [19].
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Fig. 1 Body weight values (g) of rats of the different groups in time. Bars represent the SD.
sham (sham operated), PLLA-MS (gamma-sterilized PLLA-MS), Ho-PLLA-MS neutron
(neutron-irradiated Ho-PLLA-MS) and Ho-PLLA-MS (gamma-sterilized Ho-PLLA-MS).



3.2 Histology  
At autopsy no major deviations were found in the inspected thoracic and abdomi-
nal organs of the rats of the different groups. Irrespective of the treatment that the
rats received, only slight thickening of the liver edges was observed.
An overview of the nature and extent of the observed major liver tissue reactions
as observed by light microscopic examination after implantation of microsphere
plugs is given in Table 2. No infiltration of granulocytes, macrophages or for-
eign body giant cells was observed in any of the samples, so these parameters are
not included in Table 2. To illustrate the observed effects, some representative light
micrographs of liver tissue samples are shown in Fig. 3A-D. 
The sham operation (0.1 ml of Gelofusine® was injected into the liver of rats)
resulted in a slight inflammatory reaction in the liver tissue after 3 days up to 1
month. This slight inflammation was characterised by the presence of a few
lymphocytes (Table 2).  Also some proliferation of bile ducts was observed and
at the site of injection some connective tissue was present. After 14 months the
histology of the liver tissue was completely normal: no histological aberrations
could be observed (Table 2). At day 3 after implantation of gamma-sterilized
PLLA-MS a slight inflammatory reaction was seen in the liver tissue, which
was characterised by the infiltration of lymphocytes at the area around the
microspheres. Also proliferation of bile ducts was observed and the implanted
microsphere plug was surrounded by a layer of connective tissue. At 1 month
after implantation, the number of infiltrating lymphocytes and bile ducts was
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Serum enzyme levels of ALP, ASAT, ALAT and γ-GT of rats in the microsphere
treated groups were compared to that of rats in the sham-operated group (Figure 2).
This figure shows that the serum enzyme levels remained more or less stable dur-
ing the study and no significant differences in serum enzyme levels were observed
between the different groups.

Fig. 2 Serum enzyme levels (ASAT, ALAT, γ-GT and ALP) of rats of sham and neutron-irradiated
Ho-PLLA-MS treated groups in time. Bars represent the SD. Because of the negligible differences
in serum enzyme levels between the four groups only the data of the most relevant group (neutron-

irradiated Ho-PLLA-MS) and the sham-operated group are shown.



somewhat increased (Table 2). After 18 months only a slight number of infiltrat-
ing lymphocytes was observed and no further proliferation of bile ducts could be
observed. The implanted microspheres retained their size and shape and were
present as a cluster that remained surrounded by a small layer of a fibrous capsule.
At one month post implantation, gamma-sterilized Ho-PLLA-MS evoked a mild
tissue reaction comparable to gamma-sterilized PLLA-MS in terms of the infil-
tration of lymphocytes, the proliferation of bile ducts and the presence of a layer
of connective tissue around the implanted microspheres (Fig. 3A and Fig. 3C).
After a period of 18 months, the number of infiltrated lymphocytes and prolifer-
ation of bile ducts was comparable to the observed tissue reaction after the
implantation of gamma-sterilized PLLA-MS (Table 2). The implanted gamma-
sterilized Ho-PLLA-MS retained their size and shape and were present as a
cluster that was surrounded by a small layer of connective tissue.
Implantation of decayed neutron-irradiated Ho-PLLA-MS also induced a mild
tissue response (Fig 3B), which was comparable to that of gamma-sterilized
PLLA-MS and gamma-sterilized Ho-PLLA-MS (see also Table 2). After a peri-
od of 14 months only a very small number of infiltrating lymphocytes could be
observed and there was hardly any proliferation of bile ducts. However, in con-
tradistinction to gamma-sterilized PLLA-MS and gamma-sterilized Ho-PLLA-
MS, the neutron-irradiated Ho-PLLA-MS were not completely spherical any-
more and showed disintegration indicating that degradation had started (Fig. 3D).
This result is in agreement with the results of the in-vitro degradation study
described in Chapter 5 of this thesis. In this study, non-irradiated and neutron-
irradiated microspheres with and without HoAcAc-loading were incubated in
phosphate buffer at 37 °C for a period of one year. In analogy with the present
in-vivo study, only the neutron-irradiated Ho-PLLA-MS showed degradation.
This is probably caused by the low molecular weight of the PLLA due to the
neutron irradiation and the low crystallinity caused by the Ho-AcAc loading
[10]. The in-vitro study also showed that as a result of degradation holmium lac-
tate was formed. In this in-vivo study no adverse reactions towards this degrada-
tion product could be observed. 
The biocompatibility of PLA based microspheres in term of tissue response has
been extensively described in the literature [21-24]. In general, the implantation
of biodegradable microspheres results in various chronological effects [9]. The
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Fig. 3B Microphotograph (400x) of liver tissue section (stained with HE) taken from a rat in
which a plug of neutron-irradiated Ho-PLLA-MS was implanted and which was terminated after
one month: a) liverparenchyma, b) connective tissue, c) microspheres. Note that the microspheres
show some damage due to the preparation of the histological slide.

Fig. 3A Microphotograph (400x) of liver tissue section (stained with haematoxylin-eosin (HE))
taken from a rat in which a plug of gamma-sterilized Ho-PLLA-MS was implanted and which was
terminated after one month: a) branch portal vein, b) branch of liver artery, c) bile ducts, d) normal
hepatocytes e) sinusoids overfilled with erythrocytes (congestion due to the method of euthanasia).



shows increasing artifact sizes with increasing amounts of Ho-PLLA-MS. As
expected, the diameter of the artifact increased proportional to the cube root of
the amount of Ho-PLLA-MS [19]. Given the implanted amount of ~32 mg, the
size of the observed artifacts for the in vivo experiments corresponded well with
the predicted value from the calibration plot and over time, no significant dec-
rease in artifact size was observed (Fig. 4). CT imaging showed that the implan-
ted microsphere plug still had a cylindrical shape 14 months post implantation
(Fig. 4). The calibration plot (Fig. 4) showed that MR measurement is more sen-
sitive to a change in the amount of Ho-PLLA-MS at lower amounts, but that for
higher amounts the relative error of the diameter measurement decreased. The in
vivo imaging (Fig. 4) showed that no holmium had released: no significant
change in artifact size was observed. 
Neutron activation analyses of bone tissue samples from rats treated with
gamma-sterilized Ho-PLLA-MS (from rats sacrificed 18 months post implanta-
tion) and neutron-irradiated Ho-PLLA-MS (from rats sacrificed 14 months post
implantation) were performed. The detection limit of the used method was 0.5

first few days post implantation, an acute inflammatory reaction accompanied by
the infiltration of granulocytes is observed which is likely due to trauma caused
by the injection of the microspheres. The acute inflammation is followed by a
chronic inflammation accompanied by the infiltration of monocytes and lympho-
cytes. Hereafter granulation tissue is formed. If degradation of the implanted
microspheres occurs and the degraded microsphere fragments have become
smaller than 10 µm, macrophages/foreign body giant cells can phagocytise these
fragments. When particles are not completely resorbed, a fibrous capsule around
the particles will be formed. It must be mentioned that almost all biocompatibili-
ty studies are conducted after subcutaneously or intramuscularly injection [9]
and that no biocompatibility studies after implantation in liver tissue have been
performed. Nevertheless, the results of this study are in good agreement with the
studies performed after subcutaneously or intramuscularly injection of PLA-
based microspheres that were described in the literature [9]. In the present study,
infiltration of lymphocytes (Fig. 3C) was observed in all liver tissue samples.
This is a typical sign of a slight chronic inflammation caused by the presence of
slowly degrading microspheres [9]. Due to the fact that the microspheres were
implanted in the liver, also some bile duct proliferation was observed in the liver
tissue [25].
In all liver tissue samples from sham operated and microsphere treated rats con-
gestion of red blood cells was seen (Fig. 3A). This congestion has no relation
with microsphere toxicity; it is a typical reaction due to the euthanatic procedure
using CO2 [26]. 

3.3 Release of holmium
The in-vitro release of holmium was studied in Chapter 5 and it was shown that
during a  period of 52 weeks less than 1% of the holmium loading was released.
As mentioned in the introduction, the toxicity of the element holmium (Ho3+) is
relatively low (50-500 mg/kg bodyweight), but non-complexed Ho3+can accu-
mulate in the skeleton [14]. Therefore, the possible release of holmium from the
microspheres was followed in vivo by MRI and bone tissue samples were sub-
jected to neutron activation analyses. 
This possible release of holmium from the implantation site was monitored
during the study by MRI. The calibration plot (Fig. 4) of microsphere plugs
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Fig. 4 (left) Calibration plot of artifact sizes versus amount of Ho-PLLA-MS. The inset in the
graph is a chunked and rotated MR image of the artifacts in transverse orientation at 1.5 Tesla
(not to scale) showing increasing artifact sizes for increasing amounts of Ho-PLLA-MS.
(right) In vivo transverse images of a rat with an implanted cylinder of neutron-irradiated Ho-
PLLA-MS at three stages after implantation, including an axial CT image at 14 months. The MR
images show a transverse section through the center of the cylinders. The observed artifacts
show no significant decrease in size over time.



ppm of holmium. Importantly, the holmium concentration in the bone samples
was below the detection limit (0.5 ppm), and proofs that hardly any holmium
had been released from the microspheres, which is in agreement with the MRI-
results.

4. Final discussion and conclusion
This study demonstrates that the implantation of neutron-irradiated Ho-PLLA-
MS in the liver of rats did not result in toxic effects. No changes in body
weight, temperature or liver enzymes have been observed. Histological analyses
of liver tissue samples only showed signs of a slight/moderate infiltration of
lymphocytes accompanied by minor local fibrosis and bile duct proliferation
and no significant differences in the tissue reaction between rats from the con-
trol treatment groups could be observed. Fourteen months post implantation the
neutron-irradiated Ho-PLLA-MS were not completely spherical anymore and
showed disintegration indicating that degradation had started. However, the
holmium loading had not been released. The fact that in vivo no measurable
amount of holmium was released from the microspheres is in agreement with
the results of the in-vitro degradation study described in Chapter 5 of this thesis.
Previously, it was demonstrated that holmium and PLLA interact with each
other [27]. These interactions most probably account for the low release of
holmium from neutron-irradiated Ho-PLLA-MS. The in-vitro study also showed
that as a result of degradation holmium lactate was formed. In this in-vivo study
no adverse reactions towards this degradation product could be observed.
In conclusion, neutron-irradiated Ho-PLLA-MS have a good biocompatibility
and can be applied safely in vivo.
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Fig. 3C Microphotograph (1000x) of liver tissue section (stained with HE) taken from a rat in
which a plug of gamma-sterilized Ho-PLLA-MS was implanted and which was terminated after
one month: a) liverparenchyma, b) connective tissue, c) microsphere. The microspheres are sur-
rounded by connective tissue, which is infiltrated by lymphocytes (d).

Fig. 3D Microphotograph (400x) of liver tissue section (stained with HE) taken from a rat in
which a plug of neutron-irradiated Ho-PLLA-MS was implanted and which was terminated after
fourteen months: The particles are not completely spherical anymore (a) indicating that degrada-
tion has started. Some of the microspheres show disintegration (b).
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1. Introduction
1.1 Holmium-166 loaded microspheres
Radionuclide loaded microspheres are promising systems for the treatment of
liver malignancies. It has been shown that microspheres with a size of 20–50
µm when administered into the hepatic artery of patients suffering from liver
malignancies, lodge in and around the tumour, and irradiate the surrounding tis-
sue [1]. In view of its physical properties, holmium-166 is the ideal radionuclide
for such therapies. Namely, holmium is the only element which can both be neu-
tron-activated to a beta- and gamma-emitter with a logistically favourable half-
life, and which can also be visualized by MRI [1-3]. Using a solvent evapora-
tion technique, non-radioactive holmium-165 as its acetylacetonate complex
(HoAcAc) can be incorporated into poly (L-lactic acid) (PLLA) microspheres.
In a next step, the microspheres (Ho-PLLA-MS) can be made radioactive by
neutron irradiation [4]. 
Before Ho-PLLA-MS can be clinically applied in a phase-1 trial, the entire pro-
duction procedure must be in compliance with the Good Manufacturing Practice
regulations (GMP) promulgated by the European Agency for the Evaluation of
Medicinal Products (EMEA) [5]. Although many papers have been published
about the production of microspheres, none of the papers describe the setup of a
GMP production process. Furthermore, for clinical application in human
patients, production of microspheres at milligram-scale is far from enough; for
the treatment of one patient with Ho-PLLA-MS, a quantity of 500-1000 mg is
needed [4]. In this paper the GMP-production of a relatively large batch (4
gram) of Ho-loaded PLLA microspheres is described in detail. The critical steps
of the Ho-PLLA-MS production process were identified and investigated, and
the pharmaceutical quality of the microspheres before and after neutron irradia-
tion was evaluated. 

1.2 Requirements for clinical application
The effects of neutron irradiation on the characteristics of Ho-PLLA-MS have
been extensively studied in previous papers [4,6,7]. Although the molecular
weight of the PLLA decreases due to the irradiation, the chemical entity of the
polymer is retained [6]. However, the consequences of this decrease in molecu-
lar weight in terms of safety for the patient need to be studied. It is also impor-

Abstract
Radioactive holmium-166 loaded poly(L-lactic acid) microspheres have been
found to be promising systems in the treatment of liver malignancies. The
microspheres are loaded with holmium acetylacetonate (HoAcAc) and prepared
by a solvent evaporation method. After preparation, the microspheres (Ho-
PLLA-MS) are activated by neutron irradiation in a nuclear reactor. In this paper
the aspects of the production of a (relatively) large-scale GMP batch (4 gram,
suitable for treatment of 5-10 patients) of Ho-PLLA-MS are described. 
The critical steps of the Ho-PLLA-MS production process (sieving procedure,
temperature control during evaporation and raw materials) were considered, and
the pharmaceutical quality of the microspheres was evaluated.
The pharmaceutical characteristics (residual solvents, possible bacterial contami-
nations and endotoxins) of the produced Ho-PLLA-MS batches were in compli-
ance with the requirements of the European Pharmacopoeia. Moreover, neutron
irradiated Ho-PLLA-MS retained their morphological integrity and the holmium
remained stably associated with the  microspheres; it was observed that after 270
h (10 times the half-life of Ho-166) only 0.3 ± 0.1 % of the loading was released
from the microspheres in an aqueous solution. 
In conclusion, Ho-PLLA-MS which are produced as described in this paper, can
be clinically applied, with regard to their pharmaceutical quality.
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and sodium dihydrogen phosphate dihydrate (NaH2PO4.2H2O; 99%) were pur-
chased from Merck (Darmstadt, Germany). Water for injections (according to the
European Pharmacopoeia [8]) was obtained from Braun (Melsungen, Germany).

2.2 Preparation of HoAcAc and microspheres
The equipment used for preparation of Ho-PLLA-MS by solvent evaporation
and subsequent sieving and drying steps was made of borosilicate glass, stain-
less steel, silicon rubber or polytetrafluoroethylene and was steam sterilised at
121 °C for 30 min at the Central Sterilisation Department of the University
Medical Center Utrecht. Preparation of HoAcAc and Ho-PLLA-MS was carried
out in a class-D clean room [8]. 
HoAcAc was prepared as described previously [4]. Acetylacetone (180 g) was
dissolved in water (1080 g) and the pH of this solution was brought to 8.50 with
an aqueous solution of ammonium hydroxide. Holmium chloride (10 g dis-
solved in 30 ml water) was added at once to this solution. After 15 hours incu-
bation at room temperature, the formed HoAcAc crystals were collected by cen-
trifugation and washed with water. 
HoAcAc (10 g) and PLLA (6 g) were dissolved in chloroform (186 g) (solution
A). 20 g of PVA was dissolved in 1000 g of boiling water, and the solution was
allowed to cool down to room temperature (solution B). Solution A was added
at once to solution B and the mixture was stirred (500 rpm) for 40 hours and the
temperature during the solvent evaporation process was maintained at room
temperature using a setup as shown in Fig. 1. In order to accelerate evaporation
of the solvent, nitrogen gas (filtered through a 0.22 µm HEPA-filter) was
flushed (15 l/min) over the stirring mixture (Fig.1). The formed microspheres
were collected by centrifugation and washed three times with water, three times
with 0.1 M HCl and finally three times with water. The washed microspheres
were fractionated according to size using stainless steel sieves with a pore size
of 20 and 50 µm and using 1 l of water (Fig. 2, method A) . The sieving system
consisted of an Electromagnetic Sieve Vibrator (EMS 755) combined with an
Ultrasonic Processor (UDS 751) (both from Topas GmbH, Dresden, Germany) .
The collected microspheres (~ 4 g) were dried at 70 °C under vacuum for 5 h
using a rotating glass oven (B-580 GKR, Buchi, Zurich, Switzerland). After dry-
ing, the microspheres (500 mg) were packed in high-density polyethylene vials
(type A, Posthumus Products, Beverwijk, The Netherlands). 

tant for therapeutic radiopharmaceuticals to have a high radiochemical stability.
The release of radioactive holmium from the microspheres in the human body,
which might lead to distribution of radioactivity to other organs than the liver,
can lead to serious adverse events and must consequently be prevented. Finally,
the microspheres must retain their size and shape after irradiation to ensure a
selective biodistribution and to prevent excessive exposure of non-target organs
to the irradiation.
For clinical application radioactive Ho-PLLA-MS must also fulfill the following
requirements of the European Pharmacopoeia [8]: 
-The absence of microbial contamination
-A limited amount of endotoxins. The limit for parenteral drugs is 5.0 EU/kg
body weight. 
-An acceptable amount of residual solvents (which are used during the solvent
evaporation process). The ICH-guidelines (The International Conference on
Harmonisation of Technical Requirements for Registration of Pharmaceuticals
for Human Use) give limits of 60 and 600 ppm for chloroform and
dichloromethane, respectively [9]. 
Once Ho-PLLA-MS are produced according to GMP and meet all above men-
tioned specifications, clinical application in cancer treatment can be initiated.

2. Materials and Methods
2.1 Materials
All chemicals were commercially available and used as obtained. Acetylacetone,
2,4-pentanedione (AcAc; > 99%), chloroform (CHCl3; HPLC-grade), poly(vinyl
alcohol) (PVA;  molecular weight  30 000 – 70 000, 88% hydrolyzed), ammoni-
um hydroxide (NH4OH; 29.3% in water) and holmium(III) acetylacetonate
hydrate (HoAcAc; 99.9 %) were supplied by Sigma Aldrich (Steinheim,
Germany). Sodium hydroxide (NaOH; 99.9%) was purchased from Riedel-de
Haën (Seelze, Germany). Holmium (III) chloride hexahydrate (HoCl3.6H2O;
99.9%) and dichloromethane (CH2Cl2; HPLC-grade) were obtained from Phase
Separations BV (Waddinxveen, The Netherlands). Poly(L-lactic acid) (PLLA;
inherent viscosity 1.14 dl/g in chloroform 25°C) was purchased from Purac
Biochem (Gorinchem, The Netherlands). Hydrochloric acid (HCl; 37%), sodium
azide (NaN3; 99 %), di-sodium hydrogen phosphate dihydrate (Na2HPO4.2H2O; 99 %)
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2.3 Neutron irradiation
Ho-PLLA-MS (~250 mg) packed in polyethylene vials were neutron-irradiated
at the Reactor Institute in Delft, The Netherlands with a thermal neutron flux of
5x1012 cm-2·s-1 for 6 h. Analyses of the neutron-irradiated microspheres were
performed after decay for one month storage at room temperature in closed
vials.

2.4 Determination of holmium content in microspheres
The holmium content in microspheres was determined by a complexometric
titration as described previously [7]. 

2.5 Particle size distribution and Scanning Electron Microscopy (SEM)
The particle size distribution of radiated and non-radiated microspheres was
determined using a Coulter Counter (Multisizer 3, Beckman Coulter, The
Netherlands) equipped with a 100-µm orifice.
The surface morphology of the Ho-PLLA-MS was investigated by SEM using a
Philips XL30 FEGSEM. A voltage of 5 or 10 kV was applied. Samples of
microspheres were mounted on aluminium stubs and sputter-coated with a Pt/Pd
layer of about 10 nm.

In addition to the standard preparation method as described above, microspheres
were also prepared by varying the following four parameters: 
1- the sieving procedure. The obtained microspheres were suspended in water
(200 ml) and fractionated according to size using stainless steel sieves of 20 and
50 µm with a sprinkler system (Analysette 3 system, Fritsch GmbH, Idar
Oberstein, Germany) using 8 l of water (Fig. 2 method B).
2- the organic solvent. Dichloromethane (DCM) instead of chloroform was used
as a solvent for the preparation of Ho-PLLA-MS since higher residues of DCM
are allowed by the ICH-guidelines: the ICH-guidelines give limits of 60 and 600
ppm for chloroform and dichloromethane, respectively [9].
3- the origin of HoAcAc. Commercially available HoAcAc obtained from Sigma
Aldrich (Steinheim, Germany) instead of HoAcAc as synthesised by ourselves. 
4- the temperature control during the solvent evaporation process (Fig. 1). For
the preparation of Ho-PLLA-MS on a gram-scale with a solvent evaporation
process, large amounts of chloroform (186 g) have to be evaporated. This will
probably result in a (drastic) lowering of temperature of the water/CHCl3 mix-
ture and requires, therefore, controlled maintenance of temperature to ensure
evaporation of the organic solvent. The temperature of the PVA solution during
solvent evaporation was, therefore, maintained at room temperature and mean-
while monitored. 
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Fig. 1 Temperature control during the solvent
evaporation process. Set up A: A glass beaker
(inner diameter 13 cm, height 16 cm, volume
1.5 l) with four 1 cm (depth) baffles was
wrapped with a silicon tube (external diameter
12 mm). The silicon tube was connected to a
thermostated chamber equipped with a circula-
tor (Thermo Haake DC 10, Karlsruhe,
Germany). The temperature of the chamber was
maintained at 37 °C during stirring with a 4-
bladed propeller stirrer (type R 1345, IKA®

Werke GmbH & Co. KG, Staufen, Germany).
Set up B: The same beaker was placed in a
water bath of which the temperature was main-
tained at 25 °C.

Fig. 2 Sieving procedure of microspheres. A: standard sieving procedure
B: sieving procedure using an ultrasonic probe and vibrator.

 



the samples and its long half life (~ 1200 y), the actual activity of Ho-166m is
very low. However, after the decay of Ho-166 (with a half life of 26.8 h), Ho-
166m is the only persisting isotope and can therefore still be detected reliably as
demonstrated previously [11]. 

3. Results and Discussion
3.1 Preparation of microspheres
Ho-PLLA-MS with 17.0 ± 0.5 % (w/w) of holmium, corresponding with a load-
ing of the HoAcAc complex of ~50 % (w/w), were prepared according to the
standard preparation method [4]. The microspheres have a rather broad size dis-
tribution (10-60 µm) (Fig. 3). Sieving with either method A or method B was
very effective in narrowing down the particle size distribution: more than 97%
(v/v) of the microspheres had a size between 20-50 µm after sieving, which is
the desired size for an optimal targeting [1]. Sieving method A is preferred since
this method is less time consuming than method B (10 min versus 45 min) and
less water is needed for the total sieving procedure (1 l versus 8 l). The total
mass of microspheres was about 4 g after sieving. 
Since higher residues of dichloromethane are allowed by the ICH-guidelines [9],
this solvent was also tested. The particle size distribution and yield were equal
to Ho-PLLA-MS prepared with chloroform. However, the holmium content of
the microspheres prepared using dichloromethane was 9 %, which is much

2.6 Microbiological examination
Microbiological examination of three batches of Ho-PLLA-MS before neutron
irradiation was performed using the European Pharmacopoeia method 2.6.12,
2.6.13 and 2.6.14 [8] and were carried out by Bactimm B.V., Nijmegen, The
Netherlands. The batches were prepared according to the standard preparation
method as described in section 2.2. The temperature of the water/chloroform
mixture during the solvent evaporation process of these batches was maintained
at room temperature with method A as represented in Fig. 1. 

2.7 Residual solvents
The residual solvents levels of three batches of Ho-PLLA-MS after neutron irra-
diation were determined using European Pharmacopoeia method 2.4.24, ‘identi-
fication and control of residual solvents for water insoluble substances’ [8], and
were carried out by Farmalyse B.V., Zaandam, The Netherlands.

2.8 Release of holmium
The release of holmium from neutron irradiated Ho-PLLA-MS (after decaying
for one month, see section 2.3) was tested in triplicate with a method in analogy
with the method as described by Hafeli et al. [10] which is comparable to the
rotating basket method described in the European Pharmacopoeia (method
2.6.12) [8]. Microsphere samples (250 mg) were dispersed in 50 ml of an isoton-
ic phosphate buffer (174 mmol, pH 7.4) in a 50 ml test tube (Greiner- Bio One,
Frickenhausen, Germany). The tubes (in triplicate) were closed with a cap con-
taining a nylon filter with a pore size of 3 mm (Millipore, Billerica, USA). The
tubes were placed upside down in a beaker glass containing 200 ml of the same
isotonic phosphate buffer. Sodium azide (0.05%) was added to prevent bacterial
growth during the release experiment. The temperature of the buffer was 37 °C
and the tubes were rotated with a speed of 50 rpm. After 270 h (10 times the
half-life of Ho-166) the release system was dismantled. The release of holmium
was determined by comparing the measured activity of Ho-166m in the beaker
glass versus the activity of the microspheres in the tubes using a low-back-
ground γ-counter (Tobor, Nuclear Chicago, USA). Ho-166m is a metastable iso-
tope formed in a small fraction (7 ppm of the total amount of newly formed iso-
topes) during activation of Ho-165. Due to the low concentration of Ho-166m in 
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Fig. 3 Typical population distribution of
microspheres before and after sieving,
and after irradiation in a nuclear reactor.

 



the preparation of microspheres (5 attempts were made). Visual differences were
clearly observed between the HoAcAc obtained form Sigma Aldrich (small
orange coloured rhombic crystals) and HoAcAc as synthesised by ourselves (pink
needle-shaped crystals). During the washing step with 0.1 M HCl severe floccula-
tion of the particles occurred and no microspheres could be obtained. Previous
studies have demonstrated that the synthesis of HoAcAc is a delicate procedure
[4,15], which can in some cases lead to the formation of impure material. These
impurities are probably the cause of the unsuccessful preparation of Ho-PLLA-
MS with HoAcAc obtained form Sigma Aldrich. 
Fig. 5 demonstrates that without temperature control, the temperature of the
water/chloroform mixture decreased tremendously (from ~20 °C to ~8 °C) and
remained at this temperature. As a result the chloroform could not be quantitative-
ly evaporated within 40 h. The two types of temperature control (see Fig. 1) were
both sufficient to maintain the temperature at room temperature and both resulted
in the quantitative evaporation of chloroform from the water phase after 40 h.
However, a set-up with an open water bath (situation B, Fig.1) is very susceptible
for bacterial contamination and, therefore, undesirable in a GMP-production
process.

lower than in the microspheres that were prepared with chloroform (17 %).
Previous studies showed that the solubility of the holmium-complex in PLLA is
influenced by the way of solvent removal. HoAcAc is less soluble in films (up
to 8%, prepared by the quick evaporation of chloroform) than in microspheres
(17 %, prepared by the solvent evaporation method as described in section 2.2).
The difference in HoAcAc loading between microspheres prepared by either
chloroform or dichloromethane might be caused by the higher water solubility
(leading to a fast solvent extraction) and the lower boiling point (leading to a
fast solvent evaporation) of dichloromethane as compared to chloroform. A high
holmium content of the microspheres is required in order to achieve therapeutic
amounts of radioactivity in a relatively small amount of microspheres (500-800
mg).  The low holmium content of the microspheres prepared using
dichloromethane does not meet this requirement and makes them unsuitable for
clinal application. A small amount of microspheres will result in lodging of the
microspheres in and around the tumour while sparing healthy liver tissue [12],
and will prevent filling of the supplying vessels of the liver [11] which will
cause unnecessary damage to healthy liver tissue. Furthermore, in contrast to
microspheres prepared with chloroform, Ho-PLLA-MS which were prepared
with dichloromethane had a very irregular shape (Fig. 4). It has been reported
previously that the use of dichloromethane can lead to the formation of micros-
pheres with an irregular shape [13,14]. The consequences of this irregular
microsphere morphology in terms of aggregation of the microspheres during
administration in the catheter or blood vessels are not known. 
HoAcAc obtained from a commercial source (Sigma Aldrich) is unsuitable for
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Fig. 4 SEM pictures of Ho-PLLA-MS produced with chloroform (left) 
and with dichloromethane (right).

Fig. 5 Temperature monitoring during the solvent evaporation process (40 h).
( ): No temperature control, ( ): Set up A, ( ): Set up B



times the half-life of Ho-166) only 0.3 ± 0.1 % of Ho had released from the
microspheres in the buffer. Previously, it was demonstrated that holmium and
PLLA interact with each other [16]. These interactions are probably the cause of
the high stability of neutron irradiated Ho-PLLA-MS. 

4. Conclusion
In this paper the GMP-production of Ho-PLLA-MS is described. It is demon-
strated that it is possible to prepare microspheres by a solvent evaporation
process on a gram-scale. The pharmaceutical characteristics (residual solvents,
CFU and endotoxins) of the microspheres are in compliance with the require-
ments of the European Pharmacopoeia. Furthermore, neutron irradiated micros-
pheres have a high radiochemical stability and retain their size and shape. 
In conclusion, radioactive Ho-PLLA-MS which are produced as described in
this paper, can be clinically applied, considering their pharmaceutical quality. 
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1. Introduction
Image-guided local delivery of drug-loaded microparticles administered by
direct injection or via a catheter will result in a more effective treatment of
patients with therapeutic agents like radionuclides [1,2], pharmaceutically active
proteins or chemotherapeutics. The rapid development of medical imaging tech-
niques offers new opportunities for visualisation and directing of the biodistribu-
tion of these particles in-vivo [3,4]. 
In order to achieve visualisation of particulate systems with modalities like MRI
and a gamma camera, appropriate imaging agents have to be incorporated into
the particles. Previous studies have demonstrated that the element holmium
offers excellent opportunities for medical imaging [1,2]. It is well known that
paramagnetic ions, among which Ho3+, alter the responses of the MRI signal by
shortening its relaxation times. Since different relaxation times generally result
in an enhanced contrast in certain types of MR sequences, paramagnetic ele-
ments are used as MRI contrast agents [1,5,6].  
Moreover, holmium can also be neutron-activated to yield holmium-166 (a
gamma and beta-emitter) with a logistically favourable half-life (26.8 h) for
therapeutic applications [7,8]. The photons (80.6 keV, 6.2 %) allow visualisation
with a gamma camera whereas the beta-radiation (Emax= 1.84 MeV) can be
used for therapeutic applications such as the local radiotherapy of tumours.
In this study, alginate was chosen as a hydrophilic polymer for the preparation
of holmium-loaded microparticles, which can potentially be visualised in-vivo.
Alginate is a polysaccharide that can be found in seaweed and in some bacteria.
It is a copolymer of β-D-mannuronic acid and α-L-guluronic acid with a degree
of polymerization ranging from 50 to 200,000 [9]. Microspheres based on algi-
nate are under investigation for delivery of proteins [10], encapsulation of living
cells [11] and chemo-embolization [12]. Alginate microsheres can be prepared
by dropping an aqueous alginate solution into an aqueous solution of CaCl2 [9].
The carboxylic acid groups of the guluronic residues of alginate bind strongly to
Ca2+ ions by which the polymer chains are crosslinked and a hydrogel is
formed [9,13,14]. Besides divalent ions also trivalent ions from the group of
lanthanides have the capability to bind to alginate [13]. Surprisingly, no diag-
nostic and therapeutic applications have been described with lanthanide alginate
microspheres so far. 

Abstract
In this paper the preparation and characterization of holmium-loaded alginate
microspheres is described. The rapid development of medical imaging techniques
offers new opportunities for the visualisation of (drug-loaded) microparticles.
Therefore, suitable imaging agents have to be incorporated into these particles. 
For this reason, the element holmium was used in this study in order to utilize its
unique imaging characteristics. The paramagnetic behaviour of this element allows
visualisation with MRI and holmium can also be neutron-activated resulting in the
emission of gamma-radiation, allowing visualisation with gamma cameras, and
beta-radiation, suitable for therapeutic applications. 
Almost monodisperse alginate microspheres were obtained by JetCutter technology
where alginate droplets of a uniform size were hardened in an aqueous holmium
chloride solution. Ho3+ binds via electrostatic interactions to the carboxylate groups
of the alginate polymer and as a result alginate microspheres loaded with holmium
were obtained. The microspheres had a mean size of 159 µm and a holmium load-
ing of 1.3 ± 0.1 % (w/w) (corresponding with a holmium content based on dry algi-
nate of 18.3 ± 0.3 % (w/w)). The binding capacity of the alginate polymer for Ho3+

(expressed in molar amounts) is equal to that for Ca2+, which is commonly used
for the hardening of alginate. This indicates that Ho3+ has the same binding affinity
as Ca2+. In line herewith, dynamic mechanical analyses demonstrated that alginate
gels hardened with Ca2+ or Ho3+ had similar viscoelastic properties. The MRI
relaxation properties of the microspheres were determined by a MRI phantom
experiment, demonstrating a strong R2* effect of the particles. 
Alginate microspheres could also be labelled with radioactive holmium by adding
holmium-166 to alginate microspheres, previously hardened with calcium (labelling
efficiency 96 %). The labelled microspheres had a high radiochemical stability (94 %
after 48 h incubation in human serum), allowing therapeutic applications for treat-
ment of cancer. 
The potential in-vivo application of the microspheres for a MR-guided renal
embolization procedure was illustrated by selective administration of microspheres
to the left kidney of a pig. Anatomic MR-imaging showed the presence of holmi-
um-loaded microspheres in the kidney. 
In conclusion, this study demonstrates that the incorporation of holmium into algi-
nate microspheres allows their visualisation with a gamma camera and MRI.
Holmium-loaded alginate microspheres can be used therapeutically for emboliza-
tion and, when radioactive, for local radiotherapy of tumours.  
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passes a rotating cutting tool. This cuts the jet into identical cylindrical seg-
ments, which subsequently take a spherical shape due to the surface tension of
the fluid. In this study, alginate droplets were hardened in a holmium chloride
solution. Since droplet generation is achieved by a mechanical cutting step, the
viscosity of the fluid is less important as compared to other methods [15]. Fluids
with a viscosity of several Pa·s were successfully processed and beads ranging
from 120 µm to 4 mm and with a narrow size distribution were produced [15].
The technology was previously successfully applied for bio-encapsulation
processes [11]. 
An aqueous solution of sodium alginate (2 % w/v) was processed (flow rate
0.15 ml/s) and the resulting droplets were hardened in either a 5.0 mM calcium
chloride or 5.0 mM holmium chloride solution (300 ml). After preparation, the
microspheres were washed three times with water, resuspended in deionised
water and stored in closed vials. 

2.3 Characterization of Ho-alginate-ms: holmium loading and size
200 mg of hydrated Ho-alginate-ms were destructed in 40 ml of ‘aqua regia’
(three parts of hydrochloric acid and one part of nitric acid). After 15 min of
incubation the solution was neutralized with 5.0 M sodium hydroxide and the
holmium concentration was determined by a complexometric titration as previ-
ously described [18]. The same analytical procedure was also followed to deter-
mine the holmium content of the dry microspheres. Therefore, Ho-alginate-ms

In this paper we describe the use of the JetCutter technology [15] to produce
almost monodisperse alginate microspheres which were hardened with holmium
or calcium. The holmium loaded alginate microspheres (Ho-alginate-ms) were
characterized for their size and size distribution, holmium content and in vitro
MR relaxation properties. The calcium-loaded microspheres were investigated
for radiolabeling properties. 
As mentioned, image-guided arterial administration of drug loaded microspheres
to their aimed site of action via a catheter will result in a more effective treat-
ment. Consequently, it is very important to get a good insight into the elastic
properties of these alginate microspheres, since catheter occlusion or clumping
in vessels can occur when the particles are not deformable [16,17]. Therefore,
the viscoelastic properties of both holmium-alginate and calcium-alginate gels
were investigated.  Finally, the feasibility of the use of the Ho-alginate-ms in
vivo was shown in an embolization procedure in a pig in which these micros-
pheres were administered to the left kidney under MR-guidance. 

2. Materials and Methods
2.1 Materials
All chemicals were commercially available and used as obtained. Sodium algi-
nate (Protanal, LF20/40) was supplied by FMC (Drammen, Norway). Sodium
hydroxide (NaOH; 99.9%) was purchased from Riedel-de Haën (Seelze,
Germany). Holmium (III) chloride hexahydrate (HoCl3.6H2O; 99.9%) was
obtained from Phase Separations BV (Waddinxveen, The Netherlands).
Manganese(II) chloride tetrahydrate (MnCl2.4H2O; 99.9%), calcium chloride
dihydrate (CaCl2.2H2O; 99.9%), nitric acid (HNO3; 65%), and hydrochloric
acid (HCl; 37%) were purchased from Merck (Darmstadt, Germany). Agar pow-
der (USP Grade) was purchased from Life Technologies GIBCO BRL (Paisley,
Scotland). Magnevist (gadolinium diethylenetriamine pentaacetic acid; Gd-
DTPA) was obtained from Schering (Berlin, Germany).

2.2 Preparation of microspheres
Ho-alginate-ms were prepared using the JetCutting technology as recently
described by Prusse et al. [15] (Fig. 1). This technology is based on the follow-
ing principle. A continuous jet of fluid is pressed through a nozzle and then
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Fig. 1 Picture (left) and a schematic drawing (right) of the JetCutter apparatus.



room temperature. To prevent trapping of air bubbles in the gels, the heated
microsphere/agar suspensions were sonicated during cooling. The Ho-alginate-
ms were homogeneously (visual observation) distributed in the formed agar
gels. Measurement of the R1 and R2 relaxation rates of the MR signal was per-
formed on 1.5 Telsa (Gyroscan Intera NT, Philips Medical Systems, Best, The
Netherlands) using an acquisition that combines a multi-spin echo (SE) with an
inversion recovery sequence [20], at a field of view (FOV) of 256 mm, 10 mm
slice thickness, matrix of 128*256, one signal acquired. The R2* relaxation
rates were measured as described previously [2] with a multi-echo gradient echo
sampling of a spin-echo with an echo spacing of 1.55 msec centred around an
echo time (TE) of 30 msec. Relaxation rates were calculated assuming exponen-
tial signal curves, resulting in an average relaxation time for each gel.
Relaxation rates of the gels were averaged and plotted against concentration. 

2.6 Radiolabeling of microspheres
Radiolabeling of microspheres with holmium-166 was performed with micros-
pheres that were previously hardened with Ca2+ (see section 2.2). Holmium-
166 was obtained by neutron irradiation of 8.0 mg holmium chloride (corres-
ponding with 3.0 mg of Ho-165) (packed in polyethylene vials) with a thermal
neutron flux of 5x1012 cm-2 · s-1 at the Reactor Institute Delft (Department of
Radiation, Radionuclides and Reactor, Delft University of Technology, The
Netherlands). After neutron activation, the holmium-166 chloride (with an acti-
vity of 100 MBq) was dissolved in 3 ml of distilled water and subsequently
added to 2.5 g of Ca-alginate microspheres. After incubation for 3 h at room
temperature, the microspheres were centrifuged at 2000 rpm for 3 min and the
supernatant was removed. The microspheres were washed 2 times with 5 ml of
distilled water. The labelling efficiency was determined by measuring the activi-
ty of the supernatant plus the washing fractions and the microspheres using a
VDC-404 dose calibrator (Veenstra Instruments, Joure, the Netherlands). 
The radiochemical stability of the holmium-166 labelled microspheres was tested
by incubation of the microspheres (2.5 g) for 48 h in 10 ml human serum at 37 °C.
Release of holmium-166 from the microspheres was determined by measuring the
radioactivity of the pellet and supernatant in the same way as described for deter-
mination of the labelling efficiency.
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were dried at 50°C for 24 h and 200 mg of the dried microspheres were destructed
in ‘aqua regia’ and titrated after neutralization. Analyses were performed in triplicate.
The particle size distribution was determined using a light microscope.
Microspheres were placed on a glass plate with a 200 µm grid and a microscop-
ic picture was taken. From this picture, 100 microspheres were randomly select-
ed and their size was established. This procedure was performed in triplicate.  

2.4 Dynamic mechanical analysis (DMA)
DMAmeasurements on alginate gels were performed on a DMA 2980 Dynamic
Mechanical Analyser (TA Instruments, Inc., New Castle, USA) in the ‘‘con-
trolled force’’ mode. Holmium and calcium loaded alginate gels with a cylindri-
cal shape were prepared (n=3) by slowly adding 5 ml of a 5 mM electrolyte
solution to 2 ml of a 2 % sodium alginate solution. After incubating for 48 h,
alginate gels with a cylindrical shape (length and diameter ~ 1 cm) were
obtained. The edges of the cylinders were cut off with a lancet knife and the
alginate hydrogel cylinders (length and diameter ~ 8 mm) were clamped
between a parallel-plate compression clamp with a diameter of 0.6 cm. A force
ramp from 0.001 to 5 N (depending on the gel strength) at a rate of 0.5 N/min
was applied. The modulus was calculated from the linear part of the plot of the
stress against the fractional deformation according to the method of Meyvis et al
[19].

2.5 MRI phantoms
The relevant MR relaxation parameters are R1 (=1/T1), R2 (=1/T2) and R2*
(=1/T2*) which describe the longitudinal, the intrinsic transverse, and the effec-
tive transverse relaxation of the MRI-signal, respectively. The MR relaxation
properties of the Ho-alginate microspheres in agar gels were determined as fol-
lows.  An agar gel matrix was prepared by dissolving 20 g of agar powder in 1 l
of boiling deionized water in which 30 mg of manganese(II) chloride tetrahy-
drate was dissolved. Manganese chloride was used to adjust the relaxation prop-
erties of the gel to that of human tissue (T1 approximately 500 msec, T2 approx-
imately 45 msec). Subsequently, the hot agar solution was poured into test tubes
(25 ml) containing Ho-alginate-ms and the resulting suspension (containing 0.25
to 4 mg/g of microspheres) was stirred. Next, a gel was formed upon cooling to
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3. Results and discussion
3.1 Preparation and characterisation of Ho-alginate-ms
Using the JetCutting technology with holmium chloride as a hardening agent,
alginate microspheres were successfully produced. The following parameters
which gave optimal calcium alginate beads with a diameter of  ~160 µm, were
also used for the successful production of Ho-alginate-ms: nozzle diameter 100
µm, mass throughput of the alginate solution 0.15 g/sec, cutting tool with 48
wires of 90 µm diameter each, rotating at 14,100 rpm. The microspheres had
an almost round shape (Fig. 2) and monodisperse size with the mean diameter
of a typical batch being 159 ± 19 µm. 
The holmium content of the wet and dry alginate micropsheres was 1.3 ± 0.1 %
(w/w) and 18.3 ± 0.3 % (w/w), respectively. Guluronic residues of alginate bind
to di- and trivalent cations such as Ca2+ and Ho3+ resulting in a three-dimen-
sional network of alginate polymer chains held together by these ions. The
model that describes this network is the “egg-box’’ model [9]. According to this
model, one divalent cation is surrounded by four guluronate or mannuronate
groups. Regarding the molecular weight of this surrounding structure (M= 700
g/mol) and the amount of holmium per dry weight of alginate (18.3 % w/w) it
can be concluded that these surrounding units are almost quantitatively filled
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2.7 In-vivo embolization
To show the feasibility of a MRI-guided embolization procedure using Ho-algi-
nate-ms, the particles were introduced into the left kidney of a healthy domestic
pig (75 kg). The pig was sedated with ketamine (10 mg/kg, intramuscular) and
anesthetized with thiopental (4 mg/kg, intravenous [IV]) before it was intubated
and connected to a respirator for intermittent positive pressure ventilation with a
mixture of oxygen and air (1:1 v/v). During the MR-experiment, anaesthesia was
maintained by continuous infusion of midazolam (0.3 mg/kg/h, IV), while anal-
gesia was obtained by continuous infusion of sufentanylcitrate (1 µg/kg/h, IV)
and muscle relaxation by infusion of pancuronium bromide (0.1 mg/kg/h, IV). 
For positioning of the catheter, a passive tracking technique [21] was used that
allowed real-time depiction of paramagnetic markers (dysprosium oxide) that
were mounted on 4-F headhunter catheters (Cordis, Rhoden, The Netherlands).
Before tracking, the major abdominal arterial vasculature was visualised with
three-dimensional contrast-enhanced MR angiography (3D-CE-MRA) by injec-
tion of 20 ml of Gd-DTPA. Acquisition was done with FOV 350*350, 70 coro-
nal slices of 1.0 mm, matrix 512*296, TR/TE = 5.1/1.6 msec, flip 40, one signal
average during breath hold of 30 sec at maximum. Then, the catheter and guide
wire were inserted and navigated during the passive tracking. The tip of the
injection catheter was placed 2 cm in the left renal artery. The frame rate of the
tracking sequence was 5 frames per second. Before administration of the micros-
pheres, anatomic T2*-weighted gradient-echo (T2*-w GE) images were made
(FOV 350*245, 15 coronal slices of 4.0 mm, matrix 256*204, TR/TE = 500/4.6,
9.2 msec, flip 90, two signal averages). Then, an injection of 10 ml saline con-
taining 50 mg of Ho-alginate-ms was monitored with a dynamic T2*-w GE
sequence (TR/TE/flip = 22/4.6/15°, 2.2 sec per dynamic). The volume of 10 ml
was injected in 60 seconds. After injection the anatomic T2*-weighted acquisi-
tion was repeated.
The experiment was performed in agreement with The Netherlands Experiments
on Animals Act (1977) and the European Convention for the Protection of
Vertebrate Animals used for Experimental Purposes (1986). Approval was
obtained from the University Animal Experiments Committee.
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Fig. 2 Microscopic image of Ho-alginate-ms.
The bar represents 200 µm.



element like holmium. The R2* effect showed a linear concentration dependence
for concentrations of Ho-alginate-ms above 1 mg of the microspheres/g agar
gel, which enables the estimation of the local amount of these microspheres in
human tissue [2].

3.4 Radiolabeling of microspheres
Incubation of 2.5 g of Ca-alginate-ms in 3 ml distilled water for 3 h at room
temperature with 100 MBq holmium-166 chloride solution in water to exchange
Ca2+ for  Ho3+, resulted in a labelling efficiency of 96 ± 2 %. The radiochemi-
cal stability after incubation in human serum for 48 h was found to be 94 ± 2 %.
These results demonstrate that alginate-ms can also be efficiently labelled with
holmium-166 afterwards, and that the radiolabel remains stably associated to the
microsphere matrix even in the presence of serum proteins. In this study low
amounts of radioactivity were used, in order to proof the principle of radiolabel-
ing. For diagnostic or even therapeutic application, a higher specific activity is
required. Assuming that a quantity of 50 mg of alginate-ms is used for an
embolization procedure, an amount of ~55 µg of holmium can be labelled to the
microspheres. Irradiation of this amount of holmium in a nuclear reactor with a
thermal neutron flux of 5x1014 cm-2 · s-1 for 72 h, results in an activity of 5.40
GBq. This amount of radioactivity is suitable for nuclear imaging and for thera-
peutic applications [8]. 

3.5 In-vivo embolization
The embolization potential of the Ho-alginate-ms was evaluated in an in-vivo
experiment, in which the kidney of a pig was arterially catheterized via the renal
artery and subsequently embolized. During injection the deposition of the
microspheres was depicted with dynamic T2*-weighted MR imaging. This
acquisition showed a distinct increase in regions with signal loss (changes in
T2* visible as black ‘dots’) in the left kidney, indicating that lodging of the Ho-
alginate-ms in the vasculature of the kidney indeed occurred. The large size of
the microspheres (~160 µm) resulted in the successful embolization of the renal
arterioles. Spherical shaped and deformable microspheres with a size between
150 and 250 µm have shown to be attractive agents for embolization procedures
[17]. The anatomical images (Fig. 4) showed a clear soft-tissue contrast and 
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with a Ho3+ ion. DeRamos et al. studied the binding of alginate with divalent
alkaline earths and trivalent lanthanide ions [13]. They demonstrated that both
divalent alkaline earths and trivalent lanthanide ions interact with the guluronate
residues of alginate, although lanthanide ions with a relatively small radius
(which is the case for holmium [3]) also showed some interaction with man-
nuronate residues. The calculated molar ratio confirms the finding that the small
trivalent lanthanide ion Ho3+ has the same binding characteristics as Ca2+. 

3.2 Dynamic mechanical analysis 
DMA showed that gels which were hardened with Ca2+ or Ho3+ had a modulus
of 0.15 ± 0.02 MPa and 0.14 ± 0.02 MPa, respectively. The similar elastic
behaviour of the gels again indicates that Ho3+ and Ca2+ have analogous bind-
ing characteristics to alginate. 

3.3 MRI phantoms
Measurements of the relaxation rates showed that there was no significant R1
and R2 effect from the Ho-alginate-ms on the MR signal (Fig. 3). However, a
considerable R2* effect was observed, allowing for good visualization with T2*-
weighted imaging. Such a R2* effect can be expected for a highly paramagnetic

Chapter 8

146

Fig. 3 Relaxation rates R1, R2,
and R2* versus concentration
of Ho-alginate-ms in agar gel.
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regions of signal loss due to the presence of the microspheres, which are
detectable by the increased signal voids. The signal voids that are observed
before administration are caused by the collection of the injected contrast agent
(for the angiography) in the medulla and the base of the kidney. The use of MRI
allows acquiring functional information (like blood flow and tissue perfusion),
which can be of great importance during evaluation of an embolization proce-
dure. The fact that the deposition of the Ho-alginate-ms can be followed with
dynamic MR imaging also allows real-time monitoring of the microsphere
administration. Another advantage is the inherent soft-tissue contrast of MRI,
which can also be exploited during planning and evaluation of the embolization
procedure.

4. Conclusion
This study shows that by use of the JetCutter technology almost monodisperse
Ho-alginate-ms were successfully produced. The holmium loading allows visu-
alisation with MRI and moreover, microspheres could also be labelled with
radioactive holmium allowing local radiotherapy of tumours and imaging with a
gamma camera. An exemplary in vivo pig experiment showed the use of the
alginate microspheres in a MR-guided renal embolization procedure.
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Fig. 4 Anatomical T2*-weighted images of the left kidneys (boundary indicated by the
white solid lines) before (A) and after (B) administration of Ho-alginate-ms.
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1. Introduction
It is the ultimate goal of molecular imaging to achieve highly specific visualisa-
tion of fundamental biological processes based on morphologic, physiologic,
molecular, and genetic markers of diseases like cancer [1]. This goal is believed
to be realised through the development of multimodality imaging facilities and
highly specific diagnostic agents. For an optimal diagnostic procedure and sub-
sequent treatment it is important to accurately pinpoint anatomically the position
of the imaging agent [2]. This can be accomplished through multimodality
imaging by use of both single photon emission tomography (SPECT) and mag-
netic resonance imaging (MRI) [3]. Merging images of SPECT and MRI com-
bines the high sensitivity of SPECT with the anatomical information of MRI [2]. 
However, at this moment no imaging agents have been designed that can be
visualised with both SPECT and MRI. In order to achieve multimodality imag-
ing with a single agent, both radionuclides and MRI-contrast agents have to be
combined in one targeted vehicle. Furthermore, if multimodality imaging agents
are also loaded with therapeutic agents, targeted therapy of for example cancer,
can be subsequently visualised [4]. Specific imaging and targeted therapy can be
achieved by using liposomes, which can be targeted to tumour sites [5-8]. These
vesicles (~50-500 nm) consist of an aqueous space surrounded by a lipid bilay-
er. Liposomes can be labelled with radionuclides like indium-111 [9] and tech-
netium-99m [10] by linking the radiolabel to the lipid bilayer, either directly or
via the use of a chelator. These liposomes have been applied for the scintigraph-
ic detection of lymph nodes [10] or inflammation [11]. For radiotherapeutic pur-
poses alpha- [12] and beta-emitters [13] have been incorporated in liposomes. 
Liposomes have also been used to enhance (tumour) diagnosis with MRI by
loading them with highly paramagnetic elements, with gadolinium as most pro-
nounced example [4]. These liposomes were successful in the detection of
lymph nodes [14] and the visualisation of prostate adenocarcinoma in animal
models [15]. Loading of liposomes with gadolinium can be achieved by
required incorporating amphiphilic gadolinium derivates into the liposomal
bilayers [4], to obtain an enhanced MR-contrast. This contrast generally results
from shortening of the longitudinal relaxation time (T1) of the MRI signal by
the local magnetic field inhomogeneities created by the loaded liposomes. It
would be a great advantage if liposomes can be labelled with both paramagnetic
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Abstract
Although many advanced molecular imaging agents are being investigated pre-
clinically, none of them are especially designed for the purpose of  multimodali-
ty imaging. Liposomes have proven to be very promising carrier systems for
diagnostic agents for use in e.g. SPECT and MRI as well as for therapeutic
agents to treat diseases like cancer. Nanosized liposomes were designed and
labelled with the radionuclides holmium-166 (both a beta- and gamma emitter
and also highly paramagnetic) or technetium-99m, and co-loaded with paramag-
netic gadolinium allowing multimodality SPECT and MR-imaging and radionu-
clide therapy with one single agent.Diethylenetriaminepentaacetic acid bisoc-
tadecylamide (an amphiphilic molecule with a chelating group suitable for
labelling with radionuclides) and gadoliniumacetylacetonate (GdAcAc) (a small
lipophilic paramagnetic molecule) were incorporated in liposomes. The lipo-
somes were characterized by measuring their mean size and size distribution,
gadolinium content and radiochemical stability after incubation in human serum
for 48 h. The MRI-properties (in-vitro) were determined by use of relaxivity
measurements at 1.5 and 3.0 Tesla in order to evaluate their potency as imaging
agents.
The liposomes were successfully labelled with holmium-166, resulting in a high
labelling efficiency (95 ± 1%) and radiochemical stability (>98 %), and co-
loaded with GdAcAc. Labelling of liposomes with technetium-99m was some-
what less efficient (85 ± 2%) although their radiochemical stability was suffi-
cient (95 ± 1%). MRI-measurements showed that the incorporation of GdAcAc
had a strong effect on the relaxivity of the liposomes.
The developed and characterized liposomes allow multimodality imaging and
therapy, which makes these new agents highly attractive for future applications.
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USA). Manganese (II) chloride tetrahydrate (MnCl2·4H2O; 99.9%), hydrochlo-
ric acid (HCl; 37%) and methanol (CH3OH; HPLC-grade) were obtained from
Merck (Darmstadt, Germany). Stannous chloride dihydrate (SnCl2·2H2O; 99.9
%) was purchased from Riedel-de Haën, (Seelze, Germany).

2.2. Preparation of liposomes
Liposomes were prepared by the conventional thin film hydration technique as
described previously [19] and consisted of DPPC, Chol, PEG-DSPE in a molar
ratio of 1.85: 1: 0.15. Labelling of liposomes with the radionuclides holmium-
166 and technetium-99m was achieved by use of the amphiphilic molecule
diethylenetriaminepentaacetic acid bisoctadecylamide (DTPA-lipid), which was
incorporated into the liposomal bilayer. This molecule consists of a chelating
group to which two fatty acids (C18) are attached. The paramagnetic element
gadolinium was incorporated into the bilayer of the liposomes in a new way
using its acetylacetonate complex (GdAcAc), a small lipophilic molecule (see
Fig. 1). GdAcAc was prepared as described previously for HoAcAc [16].
Acetylacetone (180 g) was dissolved in water (1080 g). The pH of this solution
was brought to 8.50 with an aqueous solution of ammonium hydroxide.
Gadolinium chloride (10 g dissolved in 30 ml water) was added to this solution.
After 15 hours incubation at room temperature, the formed GdAcAc crystals
were collected by centrifugation and washed with water. 
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elements and radionuclides. This combined loading would allow imaging and
therapy by use of one single agent, which can be visualised by two imaging
modalities. It is furthermore a challenge to improve the relaxation properties of
the liposomes allowing a more sensitive detection with MRI. 
This paper describes the preparation and characterisation of liposomes loaded
with both radionuclide and paramagnetic compound. Liposomes were labelled
with holmium-166, a therapeutic radionuclide that has been thoroughly investi-
gated by our research group because of its unique therapeutic and diagnostic
characteristics [16-18]. Holmium can be easily neutron-activated to a beta- and
gamma-emitter with a logistically favourable half-life (26.8 h), and can also be
visualized by MRI [4]. It should be realised that because of the different size (as
compared to holmium-loaded microspheres that can be used for treatment of
liver malignancies [16,17]), the liposomes are expected to act as a T1 shortening
agent, whereas the large microspheres act as a T2

* agent [17]. To enable scinti-
graphic detection, technetium labelled liposomes were prepared. The liposomes
were made paramagnetic by co-incorporation of gadolinium utilizing a novel
procedure based on a small lipophilic gadolinium complex.
Liposomes were characterised by measuring their radiochemical stability and
MRI-properties in order to evaluate their potential usefulness as new multimodal
diagnostic and therapeutic agents.

2. Materials and methods
2.1 Materials
All chemicals were commercially available and used as obtained. Acetylacetone,
2,4-pentanedione (AcAc; > 99%), chloroform (CHCl3; HPLC-grade), choles-
terol (Chol; >99%) and ammonium hydroxide (NH4OH; 29.3% in water) were
supplied by Sigma Aldrich (Steinheim, Germany). Holmium (III) chloride hexa-
hydrate (HoCl3·6H2O; 99.9%) and gadolinium (III) chloride hexahydrate
(GdCl3·6H2O; 99.9%) were obtained from Phase Separations BV
(Waddinxveen, The Netherlands). 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine
(DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (PEG-DSPE) were obtained from Lipoid
(Ludwigshafen, Germany). Diethylenetriaminepentaacetic acid bisoctadecylamide
(DTPA-lipid) was obtained from Gateway Chemical Technology Inc (St. Louis,
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Fig. 1 Structural formula of gadolinium
acetylacetonate (GdAcAc)



2.3 Liposome characterization
The phospholipid content was determined with a phosphate assay according to
Rouser et al., in order to determine the total lipid concentration after extrusion
[20]. The average size and size distribution (polydispersity index) of the lipo-
somes were determined by dynamic light scattering using a Malvern ALV CGS-
3 (Malvern Instruments Ltd., Worcestershire, United Kingdom). The polydisper-
sity index is a measure for variation in particle size within a liposome popula-
tion, and varies from 0 (complete monodispersity) to 1 (large variations in parti-
cle size). The amount of GdAcAc in the liposomes was measured by inductively
coupled plasma optical emission spectrometry (ICP-OES). Liposome samples
were lysed in a 1% Triton (w/v) solution. Samples were next introduced in an
Optima 4300 CV (Perkin Elmer, Norwalk, USA) ICP-OES spectrometer. Total
gadolinium content was determined by detecting emission at 336.223 nm and
related to a standard calibration curve measured between 0 and 20 mg/L.  The
stability of GdAcAc loaded liposomes was determined by dialysation of 0.5 ml
liposomes (25 µmol) using Slide-A-Lyzer dialysis cassettes with a molecular
weight cut-off of 10,000 (Pierce, Rockford, IL, USA) at 37 ºC against 25 ml of
10 mM phosphate-buffered saline pH 7.4. After 48 h of dialysation the release
of gadolinium in the buffer was measured with ICP-OES. 

2.4 Radiolabeling of liposomes
Holmium-166 was obtained by neutron irradiation of 50 µmol holmiumchloride
(packed in polyethylene vials) for 4 h with thermal neutron flux of 5x1012 cm-2·s-1

at the Reactor Institute in Delft (Department of Radiation, Radionuclides and
Reactor, Delft University of Technology, The Netherlands). After neutron activa-
tion holmiumchloride was dissolved in 0.5 ml of an ammonium acetate buffer
with a pH of 5.0 (100 mM). Type A and type C liposomes were labelled with
holmium-166. Therefore, the calculated amount of holmium which is 50% of
the total molar amount of DTPA-lipid (since only half of the DTPA-lipid is
available for labeling on the outer leaflet, see Fig. 2) was subsequently added to
0.5 ml of liposomes. The solution was incubated for 15 min at room temperature. 
Type D liposomes were labelled with technetium-99m. Therefore, 50 mg
SnCl2·2H2O was dissolved in 50 ml 0.1 M HCl and this solution was subse-
quently flushed with a stream of nitrogen for 15 min. From this solution, 15 µl
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Four types of liposomes were prepared: liposomes   loaded with 20 mol %
DTPA-lipid (type A), 20 mol % GdAcAc (type B), a combination of 10 mol %
of GdAcAc and 10 mol % DTPA-lipid (type C) or a combination of 20 mol %
of GdAcAc and 3 mol % DTPA-lipid (type D). A schematic representation of the
various liposome types is given in Fig. 2. 
DTPA-lipid and GdAcAc were included in the liposomes by replacing equal
molar amounts of DPPC. The lipid mixture (a total amount of 300 µmol) was
dissolved in a mixture of 5 ml chloroform and 2.5 ml of methanol and evaporat-
ed to dryness by rotary evaporation under vacuum. The resulting lipid film was
further dried under a stream of nitrogen and subsequently hydrated in 6 ml of an
ammonium acetate buffer (100 mM) with a pH of 5.0. The resulting lipid disper-
sion was extruded, using polycarbonate membrane filters (Poretics Corp.,
Livermore, USA) with a pore diameter of 600, 400, 200 and 100 nm for 2, 2, 6
and 8 times respectively. After preparation the type A and type C liposomes
were labelled with holmium-166 and the type D liposomes were labelled with
technetium-99m. 
All liposomes were coated with polyethylene glycol (by use of PEG-DSPE),
since it has been reported that this polymer has a positive influence on the in-
vivo circulation time and the MRI-characteristics of the liposomes [4].
Liposome batches were prepared in duplicate.
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Fig. 2 Prepared liposome formulations. Type A liposomes contain 20 mol% DTPA-lipid, type B
liposomes contain 20 mol% GdAcAc, type C liposomes contain 10 mol% GdAcAc and 10 mol%
DTPA-lipid and type D liposomes contain 20 mol% GdAcAc and 3 mol% DTPA-lipid.

 



Labelling of liposomes with gadolinium was done in the same way as described
in section 2.4 for holmium-166 using the same molar amounts of gadolinium-
chloride.

2.6 Relaxation measurements
Experiments were done on 1.5 and 3.0 Tesla clinical MRI scanners (Achieva,
Philips Medical Systems, Best, The Netherlands), using a birdcage receive coil
operating in quadrature mode. The tubes were put in a rectangular grid in foam
and positioned in the iso-center of the magnet with their long axis oriented par-
allel to the main magnetic field. A single transverse slice of 10 mm (perpendicu-
lar to the long axis of the tubes) was measured in the middle of the tubes. To
measure the T1 and T2 relaxation for each of the tubes, a multi-spin echo, com-
bined with an inversion recovery experiment [22] was performed with the fol-
lowing parameters: field of view (FOV) 230x172 mm, matrix (MTX) 192x135,
echo-time (TE) 8x20 msec, flip 90, 1 signal average, duration 332 s. With a rou-
tine implemented in the scanners’ software [21], T1 and T2 maps were recon-
structed.  Then a circular region of interest was placed on each tube to calculate
the average T1 and T2 values for each concentration. To calculate the r1 and r2
relaxivities (linear concentration dependence of the relaxation rates) for each
type of the liposomes, relaxation rates R1 (=1/T1) and R2 (=1/T2) were plotted
against concentration and followed by linear least square fitting.

3. Results and discussion
3.1 Preparation of liposomes and characterisation
Table 1 summarises the characteristics of the prepared liposomes. PEG was
included in the liposome composition to obtain so-called long-circulating lipo-
somes which have the ability to extravasate at solid tumour sites after intra-
venous administration [22]. The liposomes had a mean size around 130 nm and
a low polydispersity index (< 0.07), indicating that size variation of the lipo-
somes is very small. The produced liposomes have an average size, favorable
for extravasation through ‘leaky’ tumor vasculature in tumors. [23]. ICP-OES
showed that the initial amount of GdAcAc used for preparation of liposomes
was comparable to the amount of GdAcAc loaded into the extruded liposomes
(difference < 10%), indicating an incorporation efficiency of about 100%.
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was added to 0.5 ml of liposomes followed by the addition of 50 MBq tech-
netium-99m-pertechnetate (obtained form a molybdenum-99/technetium-99m
generator (Mallinckrodt, Petten, The Netherlands)) in 0.1 ml saline. The solution
was incubated for 15 min at room temperature.
The labelling efficiency of both holmium-166 and technetium-99m (fraction
radionuclide bound to liposomes vs. free fraction) was determined in the lipo-
some fraction after separation on a PD-10 desalting column (Amersham
Biosciences, Uppsala, Sweden) and the radioactivity of both the liposomes and
the desalting column was measured with a VDC-404 dose calibrator (Veenstra
Instruments, Joure, The Netherlands).
The radiochemical stability of radionuclide labelled liposomes was determined
after incubation of 0.5 ml of liposomes for respectively 48 h (for holmium-166)
and 6 h (for technetium-99m) in 5 ml human serum at 37 °C. The stability was
determined in the same way as described above for the labelling efficiency.

2.5 MRI phantoms
The relaxation properties that describe the influence of the liposomes on the
MRI signal are the longitudinal and transverse relaxivity, r1 and r2, respectively.
The relation between the resultant relaxation Ri,eff, [s

-1], the concentration of
the liposomes c [mM], and the relaxivity ri [s

-1mM-1] is given by Ri, eff = Ri,0
+ ri [c], with i=1,2 and Ri = 1/Ti using 1, 2 for the longitudinal and transverse
relaxation, respectively. The effects of the liposomes on the MR relaxation rates,
i.e. the relaxivities r1 and r2, were investigated in phantoms. Polystyrene test
tubes with a volume of 5 ml were prepared by diluting 50-250 µl liposomes with
an ammonium acetate buffer (100 mM) with a pH of 5.0 containing 19.2 mg
MnCl2 / l. The end-volume was adjusted to 5.0 ml. The spiking of the buffer
with manganese chloride was done to adjust the relaxation properties of back-
ground fluid in the phantoms to make them comparable to human tissue (T1/T2
≈ 1000/100 msec at 1.5 T). Consequently, the resulting concentration of the lipo-
somes (expressed as the total amount of lipid) ranged between 0.5 and 2.5 mM. 
In order to compare the relaxation properties of GdAcAc-loaded liposomes with
liposomes which were loaded with gadolinium by use of amphiphilic gadolini-
um derivates [4] (the conventional way to prepare paramagnetic liposomes) type
A liposomes were also labelled with gadolinium by using the DTPA-lipid.
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liposomes to a patient free technetium-99m-pertechnetate has to be removed 
(for example with a PD-10 desalting column). 
In this study low amounts of radioactivity were used, in order to evaluate the
feasibility of the radiolabeling approach. For diagnostic or even therapeutic
application, a higher specific activity of the liposomes is required. Assuming
that, for example, 1 ml of type C liposomes (corresponding with an attainable
amount of 2.5 µmol DTPA-lipid) is used for administration to patients, an
amount of ~400 µg of holmium can be bound to the liposomes. Irradiation of
this amount of holmium in a nuclear reactor with a thermal neutron flux of
5x1014 cm-2 · s-1 for 10 h, results in an activity of 10.6 GBq (end of bombard-
ment). This amount of radioactivity is suitable for therapeutic applications and
for nuclear imaging [16]. 

3.3 MR relaxation properties of the liposomes
It is generally known that the presence of paramagnetic material affects the re-
laxation behaviour of the surrounding protons. In this study, we used an experimental
method to investigate the relaxation effect of paramagnetic liposomes. The
results of the relaxation measurements are shown in Fig. 3. In general, the 
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Dialysis of GdAcAc loaded liposomes (type B, C and D) for 48 h against PBS
showed that maximal 4 % of the total amount of gadolinium in the liposomes
had been released. This low release demonstrated that the GdAcAc-loading
remains stably associated with the liposomes.

3.2 Labelling efficiency and radiochemical stability of the liposomes
Table 2 shows the labelling efficiency and radiochemical stability of the lipo-
somes. The results from the phosphate assay were used to calculate the amount
of DTPA-lipid in the liposomes. It was assumed that 50 % of these DTPA-
groups were available for labelling with holmium-166 in view of the fact that
approximately 50 % of the DTPA-lipid is located at the inner leaflet of the lipo-
somal bilayer and is, therefore, not accessible for labelling (see Fig. 2).
Liposomes (type A) that were labelled with holmium-166 demonstrated a high
labelling efficiency (95 ± 1%) and high radiochemical stability in human serum
(>98 %). GdAcAc had no influence on the labelling of type C liposomes with
holmium-166; labelling efficiency (95 ± 1%) and radiochemical stability (>98
%) did not differ from liposomes without GdAcAc (type A). This implicates that
during the production of liposomes no Gd3+ ions (originating from GdAcAc)
are captured by the DTPA-lipid, leaving these chelating groups available for
labelling with Ho3+. 
Labelling of type D liposomes with technetium-99m resulted in a somewhat
lower efficiency of 85 ± 2 %, although their radiochemical stability in human
serum was high, namely 95 ± 1%. This implicates that before administration of
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Fig. 3 Graphs of the longitudinal (left) and transverse (right) relaxivity for various designs of
loaded liposomes, measured at 1.5 and 3.0 Tesla. The graphs generally show a decreased relax-
ivity for 3.0 Tesla in comparison to 1.5 Tesla. Type C liposomes are measured with holmium
(GdAcAc-DTPA-Ho) and without holmium (GdAcAc-DTPA).

 



4. Conclusion
In conclusion, this study demonstrates that it is possible to prepare liposomes
with a high GdAcAc-loading which can be labelled afterwards with radionu-
clides such as holmium-166 and technetium-99m. These novel liposomes have a
high radiochemical stability and are highly paramagnetic, allowing for multi-
modality imaging and therapy with one single agent. These results represent a
significant step forward in the direction of future multimodality imaging and
therapy applications.
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sation with magnetic resonance imaging (MRI) [6]. The possibility to visualise a
therapeutic radionuclide with both a gamma camera and MRI is unique and
makes holmium-166 a very attractive radionuclide for oncological diagnostic
and treatment applications.
As demonstrated in a previous thesis from our department, holmium-loaded
microspheres (Ho-PLLA-MS) have proven to be very suitable for treatment of
liver malignancies [7]. However, after having shown the feasibility of this radio-
nuclide therapy, further studies were necessary before Ho-PLLA-MS can be cli-
nically applied in patients. Parallel to the pharmaceutical work also new dia-
gnostic and therapeutic particles were developed in order to exploit the very
attractive characteristics of holmium for multimodality imaging and cancer therapy.

Chapter 2 reviews the current literature on lanthanide-loaded particles that
can be used for anticancer therapies and multimodality imaging. Elements from
the group of lanthanides have very interesting physical characteristics for multi-
modal imaging applications and are the ideal candidates to be co-loaded either
in their non-radioactive or radioactive form into particles such as liposomes and
polymeric nanoparticles or microparticles for diagnostic and therapeutic purposes.
The use of advanced drug delivery technology and the introduction of paramag-
netic gadolinium have resulted in nanoparticulate and microparticulate systems
with very promising MRI contrast properties for the detection of cancer. Other
paramagnetic lanthanides such as erbium, dysprosium, terbium and holmium
have also been used for advanced drug delivery based radionuclide therapies,
whereas nuclear imaging and/or MRI and/or computed tomography can be used
for monitoring the biodistribution of these systems. 

In Chapter 3 the surface characteristics of Ho-PLLA-MS before and after
neutron irradiation were studied. This was done in order to get insight into the
suspending behaviour of neutron-irradiated microspheres and to identify suitable
surfactants for clinical application of these systems. X-ray photoelectron spec-
troscopy (XPS) and scanning electron microscopy (SEM) were used for surface
characterization. XPS showed that the surface of non-irradiated Ho-PLLA-MS
mainly consisted of PLLA, but that due to the neutron irradiation of Ho-PLLA-
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1. Summary
This thesis describes the research that was conducted necessary to start a clinical
trial involving patients suffering from liver malignancies to be treated with
radioactive holmium loaded microspheres. As discussed in the introduction of
this thesis, only the minority of the patients can be treated by surgery or ablation
methods. External beam irradiation would be a very effective way to treat liver
tumours, but the required radiation dosages results in too much damage to the
surrounding liver tissue [1,2]. In order to irradiate liver tumours in a selective
way, internal radionuclide microsphere therapies have been developed [3]. These
therapies make use of the delivery of radionuclide-loaded microspheres near the
tumours by catheterisation of the hepatic artery. Yttrium-90 (Emax= 2.28 MeV;
half-life 64.1 h) loaded glass microspheres (TheraSphere®, MDS Nordion) and
resin microspheres (SIR-Spheres®, Sirtex) are clinically applied [1]. In a recent
study, 21 patients with unresectable colorectal liver metastases underwent stan-
dard chemotherapy (5-fluorouracil and leucovorin) or, in the experimental
group, chemotherapy in combination with a single dose of SIR-Spheres®. The
median survival was 29.4 months for patients who received both chemotherapy
and  SIR-Spheres® versus 12.8 months for patients who were treated with che-
motherapy alone (p = 0.025) [4], which is a promising result. However, the use
of yttrium-90 has some drawbacks. Yttrium-89, the element that forms yttrium-
90 after neutron activation, has a very low cross-section of 1.3 barn [3], and  as
a consequence, the neutron activation of yttrium-89 in a nuclear reactor is very
time-consuming, and thus very expensive. Furthermore, yttrium-90 is a pure β-
emitter and can therefore not be visualised with gamma cameras. Consequently,
no information can be gained on the biodistribution of yttrium-90 microspheres.
Knowledge of the biodistribution of microspheres in combination with informa-
tion about the radiation effects on the liver and surrounding organs is of great
importance for application in patients. 
Cancer treatment with holmium-166 has obvious advantages over yttrium-90.
Holmium-165 has a natural abundance of 100 % and a high cross-section of 64
barn, and can therefore easily be neutron-activated to yield holmium-166 [3,5].
The photons (80.6 keV, yield 6.2 %) allow visualisation with a gamma camera
whereas the beta-radiation (Emax= 1.84 MeV) is suitable for the local radiothe-
rapy of tumours. Holmium is furthermore highly paramagnetic, allowing visuali-
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At the end of the experiment (12 months) there were still fragments present that
were highly crystalline (as shown by DSC analysis) and infrared spectroscopy
demonstrated that these fragments consisted of holmium lactate. However,
despite the fact that the microspheres disintegrated, holmium was not detected
in the buffer solution and was consequently retained in the formed holmium lac-
tate crystals. In contrast, the other microsphere formulations retained their sphe-
rical shape after 12 months of incubation. 

The biocompatibility of Ho-PLLA-MS was studied in 48 healthy male Wistar
rats (Chapter 6). The rats were divided into four treatment groups: sham, neu-
tron-irradiated Ho-PLLA-MS, Ho-PLLA-MS and placebo microspheres without
HoAcAc-loading. The microspheres were implanted in the liver of the rats, and
the animals were monitored (body weight, temperature, liver enzymes) for a
period of 14 months. After sacrification the liver tissue was histologically eva-
luated. Since holmium is a bone-seeker, bone tissue from rats of the neutron-
irradiated Ho-PLLA-MS group was subjected to neutron activation analysis in
order to examine whether accumulation of holmium in the bone had occurred.
No effects on body weight, temperature and biochemical parameters were obser-
ved in any of the treatment groups. Histological analyses of liver tissue samples
showed only signs of a slight chronic inflammation (observed at all time points)
and no significant differences in tissue reaction between rats from the four diffe-
rent treatment groups could be observed. Fourteen months after administration
only the neutron-irradiated Ho-PLLA-MS were somewhat affected, these
microspheres were not completely spherical anymore, indicating that degradati-
on had started. However, the holmium loading had not been released as was
demonstrated using MRI and affirmed by neutron activation analysis of bone
tissue. In view of these results, Ho-PLLA-MS can be considered biocompatible. 

In Chapter 7 the aspects of the production of a GMP batch of Ho-PLLA-MS
are described. The critical steps of the Ho-PLLA-MS production process (siev-
ing procedure, temperature control during evaporation of chloroform and the
quality of raw materials) were considered and the pharmaceutical quality of the
microspheres was evaluated. The pharmaceutical characteristics (residual sol-
vents, possible bacterial contaminations and endotoxins) of the produced Ho-
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MS holmium was present at the surface. The wettability of microspheres and
PLLA films with and without holmium loading was investigated by means of
suspending experiments and contact angle measurements. Holmium-loaded
PLLA films had a much higher contact angle (85º) than non-loaded films (70º).
Therefore, the appearance of holmium on the surface of Ho-PLLA-MS after
neutron irradiation is probably the reason for their poor suspending behaviour in
saline. Based on their surface characteristics, a pharmaceutically acceptable sol-
vent (1% Pluronic F68 in 10% ethanol) was formulated with which a homoge-
neous suspension of radioactive Ho-PLLA-MS could be easily obtained. 

Chapter 4 explains why the large amounts of residual chloroform (1000-6000
ppm) initially present in Ho-PLLA-MS, can be removed by neutron irradiation
or gamma irradiation at a dose of 200 kGy. In order to study the effects of the
high-energy radiation, microspheres with relatively high and low amounts of
residual chloroform were subjected to irradiation and the residual chloroform
levels as well as other microsphere characteristics (morphology, size, crystallini-
ty, molecular weight of PLLA and degradation products) were subsequently eva-
luated. A precipitation titration showed that radiolysis of chloroform resulted in
the formation of chloride, most likely as a result of the following mechanism:
CHCl3 + e- (caused by radiation of PLLA) → ·CHCl2 + Cl- followed by the
decomposition of ·CHCl2 by H2O and O2 to 2 Cl-, CO, CO2 and H2O.
Gel permeation chromatography and differential scanning calorimetry showed a
decrease in molecular weight of PLLA and crystallinity, respectively. However,
no differences (morphology, crystallinity, Mw of PLLA and degradation products)
were observed between irradiated microsphere samples with high and low initial
amounts of chloroform. In view of these results, high-energy radiation proved to
be a suitable method for the removal of residual chloroform from Ho-PLLA-MS. 

The in vitro degradation characteristics of Ho-PLLA-MS and the nature of the
formed degradation products have been investigated in Chapter 5.
Microspheres with and without HoAcAc loading, and before and after neutron-
or gamma-irradiation were incubated in a phosphate buffer at 37 °C for 12
months and at different time points the microspheres and buffer were analyzed.
The neutron-irradiated Ho-PLLA-MS disintegrated after a period of 24 weeks.
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resulted in a high labelling efficiency (95 ± 1%) and radiochemical stability
(>98 %). Labelling of liposomes with technetium-99m was somewhat less effi-
cient (85 ± 2%) although their radiochemical stability was sufficient (95 ± 1%).
In-vitro MRI-measurements showed that the incorporation of GdAcAc had a
strong effect on the relaxivity of the radionuclide labelled liposomes, which
makes them highly attractive for future applications.

2. Concluding remarks
The field of nuclear medicine has a broad and multidisciplinary character. The
expertise of physicians, physicists, chemists, biologists and pharmacists is of
great importance for both daily practice and for the development of new thera-
peutic radiopharmaceuticals. 
The department of Nuclear Medicine of the University Medical Center Utrecht
started in the mid-nineties the development of holmium-166 loaded polymer-
based microspheres (Ho-PLLA-MS) for treatment of liver malignancies [5].
Until now, the feasibility of the neutron activation was demonstrated [5] and the
microspheres were physically and chemically characterised [5,8,9]. It was fur-
thermore shown in rats [10] and rabbits [11] that the microspheres could be suc-
cessfully targeted to liver tumours. In vivo imaging of the Ho-PLLA-MS can be
performed with both gamma cameras [10,11] and MRI [6,11] and is of great
importance for the evaluation of their biodistribution and dosimetry calculations.
This thesis describes the pharmaceutical part of the preclinical research, which
had to be conducted before clinical studies of Ho-PLLA-MS in cancer patients
can be initiated. 
Ho-PLLA-MS have to be produced according to the Good Manufacturing
Practice Regulations (GMP) promulgated by the European Agency for the
Evaluation of Medicinal Products (EMEA) [12]. These regulations require that
steps are taken to ensure that produced pharmaceuticals are safe, pure, and
effective. GMP regulations require a quality approach to manufacturing, in order
to eliminate mistakes and contamination. This in turn, protects the patients from
receiving a product, which is not effective or even dangerous.
The details of a GMP production process are described in chapter 7.  
All aspects of the production process are now well-defined, and this effort has
lead to the production of clinically applicable batches of Ho-PLLA-MS, with
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PLLA-MS batches were in compliance with the requirements of the European
Pharmacopoeia. Moreover, neutron-irradiated Ho-PLLA-MS retained their mor-
phological integrity and the holmium remained stably associated with the
microspheres; it was observed that after 270 h (10 times the half-life of Ho-166)
only 0.3 ± 0.1 % of the loading was released from the microspheres in an aque-
ous solution. These results show that GMP-grade Ho-PLLA-MS can be clinical-
ly applied giving due consideration to their pharmaceutical quality.

Chapter 8 demonstrates that the incorporation of holmium into alginate
microspheres allows their visualisation with both a gamma camera and MRI.
The holmium-loaded alginate spheres can be used therapeutically for embolizati-
on and, when radioactive, for local radiotherapy of tumours. The alginate
microspheres were produced by JetCutter technology and had a narrow size dis-
tribution. The microspheres had a mean size of ~159 ± 19 µm and a holmium
loading of 1.3 ± 0.1 % (w/w). Alginate microspheres could also be labelled with
radioactive holmium by incubation of alginate microspheres with holmium-166
chloride (labelling efficiency 96 %). The labelled microspheres had a high radio-
chemical stability (after 48 h incubation in human serum, 94 % of holmium
remained incorporated in the microspheres), allowing therapeutic applications
for treatment of cancer. In a pig experiment, the potential in-vivo application of
the holmium-loaded alginate microspheres for an MR-guided renal embolization
procedure was shown. After selective administration of microspheres to the left
kidney, anatomic MR-imaging revealed the presence of holmium-loaded 
microspheres in the embolized kidney. 

In Chapter 9 the preparation and characterisation of lanthanide loaded lipo-
somes for multilimodality imaging and cancer therapy was investigated. The
liposomes were labelled with the radionuclides holmium-166 or technetium-99m
by use of their complexation with diethylenetriaminepentaacetic acid bisoctade-
cylamide (an amphiphilic molecule with a chelating group suitable for labelling
with radionuclides), and co-loaded with paramagnetic gadolinium by use of
gadolinium acetylacetonate (GdAcAc), which was dissolved in the liposomal
bilayer. This liposonal formulation allows multimodality SPECT- and MR-imaging
and radionuclide therapy with a single agent. Labelling with holmium-166
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Holmium-loaded alginate microspheres with a mean size of 160 µm can be used
therapeutically for embolization and, when radioactive, for local radiotherapy of
tumours. The used production method, namely the JetCutter technology, is very
suitable for GMP production. Due to their embolic and elastic properties these
particles have favourable characteristics for treatment of for example head-and-
neck cancer [14,15] and bone metastases [16].
Liposomes formulations were successfully labelled with radioactive holmium,
allowing local radionuclide therapy and visualisation with a gamma camera. 
The incorporation of gadolinium acetylacetonate resulted in a strong effect on
the relaxivity of the liposomes, allowing their detection with MRI. The produ-
ced liposomes have an average size (~130 nm), favorable for extravasation
through ‘leaky’ tumor vasculature in tumors. [17]. Future in-vivo studies have to
proof the potential of the lanthanide-loaded liposomes for diagnostic and thera-
peutic applications.
In conclusion, the preclinical research described in this thesis demonstrates that
regarding the pharmaceutical quality and biocompatibility of Ho-PLLA-MS
clinical research can be initiated. In our group complementary research on effi-
cacy, dosimetry, quantitative SPECT and MRI of Ho-PLLA-MS is ongoing and
will lead to clinical application of this new anticancer therapy in the near future.
The term molecular imaging is used for the visualization of cellular processes at
a molecular or genetic level of function by use of sophisticated diagnostic
agents and different imaging modalities. Molecular imaging evolved rapidly
over the past decade through the integration of cell biology, molecular biology
and multimodality imaging and receives high interest from the field of medical
technology and pharmacy. Loading molecular imaging probes with therapeutic
agents like radionuclides would be a sophisticated new approach for treatment
of cancer. Therefore, the possibility to image therapeutic radionuclides like
holmium with different modalities such as gamma cameras, MRI and CT offers
great opportunities for the development of new advanced radionuclide cancer
therapies.
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respect to their pharmaceutical quality. The pharmaceutical characteristics (resi-
dual solvents, possible bacterial contaminations and endotoxins) of produced
microspheres are in compliance with the requirements of the European
Pharmacopoeia [13].
Neutron activation of Ho-PLLA-MS is a delicate procedure [5]. The neutron
flux is continuously monitored, but besides neutrons also gamma-rays are 
generated in a nuclear reactor. An excessive dose of gamma-rays results in an
unacceptable damage of the microspheres [5]. It is of great importance for the
irradiation under GMP-conditions that the dose of gamma-rays is as low as 
possible, and well-defined. Therefore, the irradiation procedure of Ho-PLLA-MS
has been fine-tuned in close collaboration with nuclear reactor physicists and
resulted in the production of radioactive microspheres that can be clinically
applied (chapter 7). In the near future the gamma-dose which the microspheres
receive during neutron activation will also be monitored and will provide extra
insurance that an optimal irradiation procedure has been performed. 
Before administration of Ho-PLLA-MS via a catheter to a patient, the micros-
pheres should be homogeneously suspended to prevent lodging of microsphere
aggregates in the catheter during administration. Based on the hydrophobic 
character of neutron-irradiated Ho-PLLA-MS a pharmaceutically accepted
suspending solvent consisting of 1% Pluronic F68 in 10% ethanol was formula-
ted (chapter 3). This suspending solvent requires an appropriate sterilisation
method like heat sterilisation. The consequences of sterilisation on the stability
of the Pluronic F68 in this formulation have to be studied. 
A biocompatibility study in rats has shown that the administration of neutron-
irradiated Ho-PLLA-MS did not result in chemical toxic effects (chapter 6).
This study was conducted with neutron-irradiated but decayed microspheres.
The radiotoxic effects of Ho-PLLA-MS still have to be studied in order to deter-
mine the maximum tolerable radioactive dose for human patients. This study
should be performed in large laboratory animals since the administration of
radioactive microspheres by use of a catheter can only be performed in large
animals like pigs. 
Lanthanides, among which holmium, offer great opportunities for new anticancer
therapies that can be visualized with different imaging modalities (chapter 1).
Therefore, other lanthanide-loaded particles have been designed (chapter 8 and 9).
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de organen is van groot belang voor de klinische toepassing van deze therapie. 

De behandeling van kanker met het isotoop holmium-166 heeft grote voordelen

boven het gebruik van yttrium-90. Holmium-165 heeft een natuurlijk voorko-

men van 100 % en een hoge cross-section van 64 barn, waardoor op een een-

voudige manier holmium-166 kan worden geproduceerd. Holmium-166 zendt

zowel fotonen als bètastraling uit. De fotonen (80.6 keV, 6.2 %) maken beeld-

vorming met een gammacamera mogelijk en de bètastraling (Emax= 1.84 MeV)

is geschikt voor de plaatselijke bestraling van tumoren. Holmium is daarnaast

zeer paramagnetisch, waardoor beeldvorming met magnetic resonace imaging

(MRI) mogelijk is. De mogelijkheid om een therapeutisch radionuclide af te

beelden met zowel gammacamera´s als MRI is uniek and maakt holmium-166

tot een zeer aantrekkelijk radionuclide voor diagnostische en therapeutische

toepassingen bij kanker. 

Zoals aangetoond in een eerder proefschrift van de afdeling Nucleaire

Geneeskunde van het Universitair Medische Centrum Utrecht, zijn holmium

geladen microsferen (Ho-PLLA-MS) zeer geschikt voor de behandeling van

levertumoren. Voor de uiteindelijke klinische toepassing van Ho-PLLA-MS was

(en is) aanvullend onderzoek nodig. Parallel aan dit (voornamelijk farmaceutisch)

onderzoek zijn ook andere holmium bevattende therapeutische en diagnostische

deeltjes ontwikkeld.

Hoofdstuk 2 geeft een overzicht van de huidige literatuur over lanthanide

bevattende deeltjes die gebruik kunnen worden voor de behandeling van kanker

en multimodale beeldvorming. Elementen uit de groep van de lanthaniden heb-

ben erg interessante fysische eigenschappen en het laden van deeltjes, zoals

liposomen en polymere micro- en nanodeeltjes, met (al dan niet radioactieve)

lanthaniden biedt interessante mogelijkheden voor diagnostiek en therapie. Het

inbouwen van paramagnetisch gadolinium in geavanceerde drug delivery syste-
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Samenvatting
Dit proefschrift beschrijft het onderzoek dat is uitgevoerd om klinisch onderzoek

met radioactief holmium geladen microsferen te kunnen starten bij patiënten met

levertumoren. Slechts een klein deel van deze patiëntengroep kan worden behan-

deld met chirurgie of ablatie technieken. Conventionele radiotherapie zou een

erg effectieve behandelingsmethode voor levertumoren kunnen zijn, ware het

niet dat de daarvoor benodigde stralingsdosis te veel schade veroorzaakt aan het

omliggende leverweefsel. Om levertumoren op een heel selectieve manier te

behandelen zijn interne radionuclide therapieën met microsferen ontwikkeld.

Deze therapie maakt gebruik van het selectief bestralen van de levertumoren met

behulp van radioactieve microsferen die door middel van catheterisatie via de

leverslagader rondom de tumoren worden afgeleverd. Yttrium-90 (Emax= 2.28

MeV; halfwaardetijd 64.1 h) geladen glas microsferen (TheraSphere®, MDS

Nordion) en hars microsferen (SIR-Spheres®, Sirtex) worden op dit moment kli-

nisch toegepast. In een recente studie, ondergingen 21 patiënten met chirurgisch

onbehandelbare uitzaaiingen van colontumoren in de lever standaard chemothe-

rapie (5-fluorouracil en leucovorin) of, in de experimentele groep chemotherapie

in combinatie met een enkele dosis SIR-Spheres®. De gemiddelde overleving

was 29.4 maanden voor patiënten die behandeld werden met zowel chemothera-

pie als SIR-Spheres® tegenover 12.8 maanden voor patiënten die alleen chemo-

therapie ondergingen (p = 0.025), hetgeen een veelbelovend resultaat is. Echter,

aan het gebruik van yttrium-90 kleven een aantal nadelen. Yttrium-89, het ele-

ment dat yttrium-90 vormt na neutronenactivatie, heeft een erg lage cross-secti-

on van 1.3 barn, wat als gevolg heeft dat de neutronenactivatie van yttrium-89 in

een kernreactor erg lang duurt en daardoor erg kostbaar is. Verder is yttrium-90

een pure β-straler die daardoor niet kan worden afgebeeld met gammacamera’s.

Hierdoor kan geen informatie worden verkregen over de biodistributie van de

yttrium-90 microsferen. Gegevens over de biodistributie van deze microsferen in

combinatie met informatie over de stralingseffecten op de lever en de omliggen-
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ling te onderzoeken werden microsferen met grote en kleine hoeveelheden resi-

duaal chloroform bestraald en gekarakteriseerd. De hoeveelheid chloroform

voor en na bestralen werd bepaald en de ook de morfologie, grootte, kristallini-

teit, molecuulgewicht van het PLLA en de ontstane degradatieproducten werden

onderzocht. Een neerslagtitratie liet zien dat de radiolyse van chloroform resul-

teerde in de vorming van chloride. Het volgende mechanisme is hier hoogst-

waarschijnlijk voor verantwoordelijk:

CHCl3 + e- (veroorzaakt door bestraling van PLLA) → ·CHCl2 + Cl- gevolgd

door de ontleding van ·CHCl2 door H2O en O2 tot 2 Cl-, CO, CO2 en H2O.

Gel permeatie chromatografie (GPC) and differentiële scanning calorimetrie

(DSC) lieten een afname zien in het molecuulgewicht van PLLA en de kristalli-

niteit. Er werden echter geen verschillen (morfologie, grootte, kristalliniteit,

molecuulgewicht van het PLLA en de ontstane degradatieproducten) gevonden

tussen bestraalde microsferen met grote en kleine hoeveelheden chloroform.

Deze resultaten laten zien dat het bestralen van Ho-PLLA-MS een geschikte

manier is om residuaal chloroform te verwijderen.

De in vitro degradatie van Ho-PLLA-MS werd onderzocht in Hoofdstuk 5.
Microsferen met en zonder HoAcAc-lading, voor en na neutron- en gammabe-

straling werden geïncubeerd in een fosfaat buffer bij 37 °C voor een periode van
12 maanden. Op verschillende tijdsstippen werden de microsferen en buffer

geanalyseerd. De neutronen bestraalde Ho-PLLA-MS desintegreerden na een

periode van 24 weken. Aan het eind van het experiment (12 maanden) waren

hoog kristallijne fragmenten aanwezig. Infrarood spectroscopie liet zien dat deze

fragmenten bestonden uit holmium lactaat. Ondanks het feit dat de microsferen

desintegreerden werd er geen holmium gedetecteerd in de buffer. Hieruit kan

worden afgeleid dat al het oorspronkelijk aanwezige holmium zich in de holmium

lactaat kristallen bevond. In tegenstelling tot neutronen bestraalde Ho-PLLA-MS

behielden alle andere microsferen hun ronden vorm gedurende het hele degrada-

tie-experiment. 

men heeft veelbelovende MRI contrastmiddelen opgeleverd. Andere paramagne-

tische lanthaniden zoals erbium, dysprosium, terbium en holmium kunnen ook

worden gebruikt voor radionuclide therapieën. De biodistributie van deze thera-

peutische radionucliden kan in beeld worden gebracht met gammacamera´s,

MRI en CT.

In Hoofdstuk 3 werd het oppervlak van Ho-PLLA.MS bestudeerd, zowel

voor als na het bestralen met neutronen. Dit werd gedaan om een inzicht te krij-

gen in het suspendeergedrag van met neutronen bestraalde microsferen. Met

behulp van deze informatie kunnen geschikte oppervlakteactieve stoffen worden

gezocht, waardoor de bestraalde microsferen gesuspendeerd kunnen worden

voor toediening aan patiënten. Het oppervlak werd onderzocht door middel van

X-ray photoelectron spectroscopy (XPS) en scanning electron microscopy

(SEM). XPS liet zien dat het oppervlak van Ho-PLLA-MS voornamelijk bestond

uit PLLA, maar dat na bestralen met neutronen ook holmium aanwezig was aan

het oppervlak van de microsferen. Het bevochtigingsgedrag van microsferen en

PLLA-films met en zonder holmium lading werd onderzocht door middel

suspendeerproeven en randhoekmetingen. Holmium geladen PLLA films hadden

een veel hogere randhoek (85°) dan PLLA-films zonder lading (70°). Met

inachtneming van deze randhoekmetingen is het hoogst waarschijnlijk dat het

verschijnen van holmium aan het oppervlak van Ho-PLLA-MS na bestraling

met neutronen verantwoordelijk is voor het slechte suspendeergedrag in fysiolo-

gisch zout. Met behulp van de randhoekmetingen werd een klinisch toepasbare

formulering gekozen waarin bestraalde Ho-PLLA-MS snel en eenvoudig kunnen

worden gesuspendeerd. 

Hoofdstuk 4 legt uit hoe residuen chloroform (1000-6000 ppm) uit Ho-

PLLA-MS kunnen worden verwijderd door middel van neutronbestraling of

gammabestraling met een dosis groter dan 200 kGy. Om de effecten van bestra-
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Ho-PLLA-MS kunnen worden geproduceerd volgens GMP. Hierdoor is de farma-
ceutische kwaliteit van Ho-PLLA-MS geschikt voor klinische toepassing. 

Hoofdstuk 8 laat zien dat door middel van het inbouwen van holmium in algi-
naat microsferen beeldvorming met gammacamera´s en MRI mogelijk is. De hol-
mium geladen alginaat microsferen kunnen worden gebruikt voor embolisatie, en
wanneer radioactief, ook voor de lokale radiotherapie van tumoren. De alginaat
microsferen werden geproduceerd door middel van de JetCutter technologie en
hadden een nauwe deeltjesgrootte verdeling. De microsferen hadden een gemid-
delde grootte van ~159 ± 19 µm en een holmium lading van 1.3 ± 0.1 % (w/w).
Alginaat microsferen konden ook worden gelabeld met radioactief holmium door
de microsferen te incuberen met holmium-166 chloride (labelings-efficiëntie 96 %).
De gelabelde microsferen hadden een hoge radiochemische stabiliteit (na 48 uur
incubatie in humaan serum bleef 94 % van de holmium lading gebonden aan de
microsferen), wat therapeutisch toepassing voor de behandeling van tumoren
mogelijk maakt. De mogelijkheid tot klinische toepassing van holmium geladen
alginaat microsferen werd geïllustreerd door middel van een varkensexperiment.
Na selectieve toediening van microsferen aan de linker nier, kon de aanwezigheid
van microsferen zichtbaar worden gemaakt met MRI. 

In Hoofdstuk 9 werd de bereiding en karakterisatie van lanthanide geladen
liposomen voor multimodale beeldvorming en kankertherapie onderzocht. De
liposomen werden gelabeld met zowel één van de radionucliden holmium-166 of
technetium-99m door middel van complexatie met diethyleen-triamine-penta-
azijnzuur bisoctadecylamide (een amfifiel molecuul met een chelerende groep die
geschikt is voor labeling met radionucliden) als met paramagnetisch gadolinium
door middel van gadolinium acetylacetonaat (GdAcAc). GdAcAc werd geïncor-
poreerd in de liposomale bilaag. Deze liposoomformulering maakt multimodale
beeldvorming met zowel SPECT als MRI en radionuclidentherapie mogelijk.
Labeling met holmium-166 resulteerde in een hoge labelings-efficiëntie (95 ± 1%)
en een hoge radiochemische stabiliteit (> 98 %). Labeling van liposomen met
technetium-99m was iets minder efficiënt, hoewel de radiochemische stabiliteit
voldoende was (95 ± 1%).
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De biocompatibiliteit van Ho-PLLA-MS werd onderzocht in 48 mannelijke Wistar
ratten (Hoofdstuk 6). De ratten werden onderverdeeld in vier behandelingsgroe-
pen: sham, neutronen bestraalde Ho-PLLA-MS, Ho-PLLA-MS en placebo micros-
feren zonder HoAcAc-lading. De microsferen werden geïmplanteerd in de levers
van de ratten en de dieren werden intensief gevolgd (lichaamsgewicht, tempera-
tuur en leverenzymen) voor een periode van 14 maanden. Na euthanasie van de
dieren werd het leverweefsel histologisch onderzocht. Omdat holmium een zoge-
naamde botzoeker is werd ook botweefsel van ratten (behandeld met neutronenbe-
straalde Ho-PLLA-MS) onderzocht met neutronen activeringsanalyse om te zien
of er accumulatie van holmium in het bot had plaatsgevonden. 
Er werden in deze studie geen effecten op lichaamsgewicht, temperatuur en bio-
chemische parameters gevonden. Histologische analyses van leverweefsel lieten
alleen zeer lichte ontstekingsverschijnselen zien en er waren geen verschillen
waarneembaar tussen ratten van de vier verschillende groepen. Veertien maanden
na toediening vertoonden alleen de neutronen bestraalde Ho-PLLA-MS tekenen
van degradatie: Deze microsferen waren niet volledig rond meer. MRI liet echter
zien dat geen holmium was vrijgekomen. Ook kon geen holmium in het botweef-
sel worden aangetoond. In het licht van deze resultaten kan worden geconcludeerd
dat Ho-PLLA-MS biocompatibel zijn. 

In Hoofdstuk 7 worden de aspecten van de GMP (good manufacturing practice)
productie van Ho-PLLA-MS beschreven. De belangrijke stappen van het berei-
dingsproces (zeefprocedure, temperatuur controle tijdens het verdampen van chlo-
roform en de kwaliteit van de grondstoffen) werden kritisch bekeken en de farma-
ceutische kwaliteit van het eindproduct werd geëvalueerd. De farmaceutische
karakteristieken (oplosmiddel residuen, mogelijke bacteriële contaminatie en
endotoxines) voldeden aan de eisen van de Europese Farmacopee. Verder behiel-
den de Ho-PLLA-MS hun vorm na bestralen en was er geen lekkage van holmium
uit de microsferen. Een in vitro release experiment in buffer liet zien dat na 270
uur (10 keer de halfwaardetijd van holmium-166) slechts 0.3 ± 0.1 % van de hol-
mium lading was vrijgekomen uit de microsferen. Deze resultaten laten zien dat
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dat we mede daardoor ook kwaliteit hebben kunnen leveren. Bedankt voor de
mogelijkheden die ik heb gekregen.
-Prof. Dr. Ir. W.E. Hennink, beste Wim, zonder jouw enorme inzet was dit proef-
schrift nooit tot stand gekomen. Bijna iedere zin uit dit boekje is door jou bin-
nenstebuiten gekeerd. Daarnaast kwam je steeds met nieuwe en zinvolle ideeën.
Bedankt voor alles wat ik van je heb kunnen leren.
-Prof. Dr. Ir. M.A. Viergever, beste Max, ik moet toegeven dat ik me als apothe-
ker eerst een vreemde eend in de bijt voelde in een onderzoeksschool waar
beeldvorming en beeldverwerking ‘core business’ is. Ik had vooraf dan ook niet
kunnen vermoeden dat imaging een belangrijke rol zou gaan spelen in mijn
onderzoek. Bedankt voor alle mogelijkheden en het prettige wederzijdse contact.
-Dr. A.D. van het Schip, beste Fred, jouw bijdrage als co-promotor was onmis-
baar. Je wist de rode draad van het onderzoek vast te houden door hoofd- en bij-
zaken te onderscheiden. Met onnavolgbare precisie heb je mijn artikelen gecor-
rigeerd. Dank voor je inzet en het vertrouwen dat ik kreeg.
-Dr. J.F.W. Nijsen, beste Frank, je was mijn dagelijkse begeleider, collega-
onderzoeker en kamergenoot (tenminste, de eerste twee jaren). We hebben
samen veel moois beleefd en ik wil je bedanken voor de geweldige samenwer-
king. Je hebt alles in het werk gesteld om dit onderzoek tot een succes te laten
worden. Ik geef ook toe dat ik soms eigenwijs geweest ben, maar ik denk niet
dat ik dat van een vreemde heb… Ik wens je alle succes toe in je verdere weten-
schappelijke carrière. Wie weet wat er nog voor je in het verschiet ligt…
-Ik wil in dit dankwoord ook de naam van Aalt van Dijk noemen, die als zieken-
huisapotheker nauw betrokken was bij de afdeling Nucleaire Geneeskunde en
zodoende een belangrijke bijdrage heeft geleverd aan het Holmiumproject. Hij
overleed op 21 oktober 2004 op 58-jarige leeftijd.
-Een van de drijvende krachten achter het project is Bernard Zonnenberg die als
oncoloog verbonden is aan de afdeling Nucleaire Geneeskunde. Bedankt voor je
enorme bevlogenheid, je creatieve ideeën en motiverende woorden.
-Mijn collega-AIO Maarten Vente wil ik bedanken voor alle hulp die hij mij
heeft geboden, maar bovenal voor de enorm leuke tijd die we als kamergenoten
hebben gehad. Er liggen nog een aantal lastige klussen op jouw bordje, maar ik
weet zeker dat het je gaat lukken.
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Hoe is het allemaal zo gekomen?

Na uitgeloot te zijn voor de studie Tandheelkunde (ik wilde dus eigenlijk tandarts
worden) begin ik in augustus 1994 aan mijn studie Farmacie.
Het is inmiddels vier jaar later als ik me aan het oriënteren ben op een onder-
zoeksonderwerp. Ik vind in de hal van het Wentgebouw een briefje op het prik-
bord: GEZOCHT ENTHOUSIASTE STUDENT FARMACIE, HOLMIUM
MICROSFEREN VOOR DE BEHANDELING VAN LEVERMETASTASEN,
AFDELING NUCLEAIRE GENEESKUNDE. Van het onderzoeksonderwerp
begrijp ik dan nog weinig. Holmium…nooit van gehoord. Microsferen…waren
dat geen kleine bolletjes? Nucleaire geneeskunde….heeft dat niet iets met radio-
activiteit te maken? Ik besluit maar eens te bellen voor meer informatie en een
paar dagen later heb ik een afspraak in het AZU. Aangekomen bij receptie 12
word ik opgewacht door een AIO genaamd Frank. Ik loop met hem mee naar
een kamertje waar twee mannen zitten, de een heeft een snor en heet Fred en de
ander draagt een witte jas en heet Aalt. De man met de snor vertelt iets over
radioactiviteit, levertumoren, holmium en GMP. De AIO knikt enthousiast en
valt de man met de snor af en toe bij. De man met de witte jas zucht steeds diep
als het woord GMP valt. Hij zucht nog dieper bij de woorden chloroform en
pyrogenen, maar weet me te overtuigen dat er veel uitdagend werk ligt te wach-
ten. Aangestoken door het enthousiasme, maar zonder nog te kunnen overzien
waar ik aan begin, zeg ik ja en heb ik een onderzoeksplaats. Samen met mijn
medestudent Rogier (die op dezelfde oproep was afgekomen) breng ik een half
jaar door op de afdeling Nucleaire Geneeskunde en werken we aan de farmaceu-
tische aspecten van een nieuwe kankertherapie.
Weer vier jaar later (het is dan 2002) ben ik klaar met mijn apothekersopleiding
en moet ik gaan beslissen waar ik aan de slag zal gaan. Ik krijg een mooie kans:
ik kan weer terug naar de Nucleaire en ik kan AIO worden op hetzelfde project
waarmee ik me als student al had beziggehouden.
Nu, bijna 12 jaar na het begin van mijn studie, is het werk dan eindelijk gedaan
en is het tijd om iedereen die mij heeft bijgestaan te bedanken.
-Prof. Dr. P.P. van Rijk,  beste Peter, in 2003 was je congresvoorzitter van het
EANM en koos je ‘quality’ als thema. Als hoofd van de afdeling Nucleaire
Geneeskunde heb je kwaliteit hoog in het vaandel staan (ISO en GMP). Ik denk 
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www.badgerbadgerbadger.com/Mieswathadikzonderjougemoeten! Verder wil ik
Mark Leemhuis bedanken voor het NMR-werk (helaas niet opgenomen in het
proefschrift). 
-Ik wil Gerben Koning bedanken voor zijn bijdrage aan het liposomenhoofd-
stuk, zowel in praktische zin als wat het schrijf- en denkwerk betreft. Het was
een zeer prettige samenwerking.
-Een groot deel van de bestralingen zijn uitgevoerd in de kernreactor van de
Technische Universiteit Delft. Ik wil Gerard Krijger bedanken voor al het werk
dat hij gedaan heeft en in het bijzonder voor zijn enthousiasme voor het
Holmiumproject.
-Piet Snip en Joost Wottiez (ECN) wil ik bedanken voor de bestralingen die zijn
uitgevoerd in de kernreactor van Petten.
-Veel tijd heb ik besteed aan GC-bepalingen op chloroform en chloride-titraties.
Ik wil Willy van den Bogaard bedanken voor al zijn hulp en de gezellige tijd.
Verder wil ik ook de heer Van der Houwen danken voor zijn deskundige adviezen.
-I also want to thank the students from Portugal who stayed at our department to
do their research project. Dear Raquel, you visited the Netherlands in 2003 and
your work is presented in chapter 3 (surface characteristics). You did a very
good job and it was a pleasure to know you! Dear Vanessa, you visited the
Netherlands in 2004 and your work is presented in chapter 9 (liposomes). I was
also very happy with your work and I enjoyed your enthusiasm.
-Kees Brandt en Anja van de Sar wil ik bedanken voor het vakkundig opereren
van de ratten. Verder wil ik ook alle andere betrokken medewerkers van het
GDL danken voor de goede zorgen voor mijn dieren.
-Zonder de hulp van een aantal experts was dit proefschrift niet wat het nu geworden
is. Ik wil dan ook de volgende personen bedanken voor hun hulp en deskundigheid:
-Bert Dorland voor de GC-MS-analyses.
-Hub Dullens voor het maken van de histologische coupes en de interpretatie ervan.
-Pim van Maurik voor zijn assistentie bij de SEM-opnames.
-Arjen Vredenberg en Bas Feddes voor de XPS-bepalingen.
-Ulrich Jahnz and Peter Wittlich for the work we did together with the JetCutter.
-Gert Storm voor zijn commentaar op hoofdstuk 9.
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-Alle MRI-data uit dit proefschrift zijn gegenereerd door Jan-Henry Seppenwoolde.
Bedankt voor het scannen (meestal tot laat in de avond gewapend met drop en
chocola) van al die ratten, konijnen en fantomen. Ik kan nu ook jou en Wilma
bedanken voor de wederzijdse oppas en de contacten buiten het werk om. We
zullen elkaar vast nog regelmatig blijven zien. Naast Jan-Henry wil ik ook Chris
Bakker bedanken voor zijn bijdrage aan de artikelen.
-Als er iemand is die een pluim verdiend, is het Remmert de Roos wel. Bedankt
voor al die bollen (inmiddels moet je bijna een kilo hebben geproduceerd!), ana-
lyses, het regelwerk en weet ik wat nog meer. Je bent een onmisbare factor in
het Holmiumproject, maar bovenal was je een zeer prettige collega.
-Tim de Wit, ontzettend bedankt voor het oplossen van al mijn computerpro-
bleempjes, zowel op het werk als bij mij thuis. Helaas zijn er geen SPECT-opna-
men in dit proefschrift te vinden, maar dit lag niet aan jou, maar aan de onvind-
bare lymfklieren van K1 en K2. Ik wens je veel succes met je verdere werk en
hoop dat je nog eens een portie zelfgevangen en zelfgerookte paling komt langs-
brengen.
-Het Holmiumproject gaat in volle vaart verder. Ik wil Wouter Bult (nieuwe ont-
wikkelingen), Monique Hobbelink (klinische aspecten) en Peter Seevinck (MRI)
veel succes wensen.
-Ik wil Wim van Beek hartelijk bedanken voor het meedenken en ontwerpen van
het ‘roterende-release-apparaat’, de ‘ratten-warmhoud-koker’, de ‘reageerbuis-
schudbad-houder’ en alle andere hulpmiddelen die ik nodig had voor mijn onder-
zoek. Ik heb je warme en oprechte persoonlijke belangstelling zeer gewaardeerd.
-Verder verdienen eigenlijk alle medewerkers van de afdeling Nucleaire
Geneeskunde een pluim. Het waren mooie jaren. Bedankt voor al jullie hand- en
spandiensten, steun en belangstelling. Tevens wil ik Hans van Asselt, mede
namens Mirjam, bedanken voor de courgettes.
-Een andere afdeling waar ik veel tijd heb doorgebracht was de vakgroep
Biofarmacie en Farmaceutische Technologie. Ik wil ook jullie ook bedanken
voor de gezellige tijd en alle geboden hulp. In het bijzonder wil ik Mies van
Steenbergen bedanken voor zijn enorme inzet en geduld (als ik weer eens verge-
ten was hoe iets ook alweer werkte). 
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-Hans Kemperman voor de klinisch chemische analyses.
-Carla Degenhardt van het Prins Maurits Laboratorium voor de fosgeen-bepalingen.
-De CSA voor al het sterilisatiewerk.

-Ik wil mijn paranimfen alvast bedanken voor het feit dat ze mij op 22 mei wil-
len bijstaan. Beste Rogier, in 1998 begonnen we samen aan ons afstudeeronder-
zoek bij de Nucleaire, dus wat holmium microsferen betreft heb je ook nog de
nodige kennis in huis. Verder denk ik met plezier terug aan onze mooie beleve-
nissen in Australië.
Beste Matthijs, de Boomstraat was de basis voor onze vriendschap. Je bent een
bijzonder mens en niet alleen omdat je zo geweldig snel 2-voor-12-vragen op
kunt zoeken!
-Familie en vrienden, dank voor al jullie steun en belangstelling. Het boekje is
nu eindelijk af, dus binnenkort kom ik weer eens langs als dat nog mag.
-Lieve Mir, een bijzonder moment was de ochtend van 19 oktober 2005. Tussen
de weeën door hebben we samen de bloedwaardes van de ratten ingevoerd in
Excel (samengevat in figuur 2 van hoofdstuk 6) en een paar uur later zette je ons
tweede kind op de wereld! Maar ik wil je vooral bedanken voor wie je bent voor
mij, Justus en Josefien. Wat hebben we het toch goed samen.

-Bovenal ben ik Hem dankbaar die de basis is van mijn bestaan.
De Heer zelf gaf de mensen de kennis,
zodat Hij om zijn wonderbaarlijke kruiden wordt geprezen.
Daarmee geneest Hij en neemt Hij de pijn weg,
de apotheker maakt er een balsem van.
Het werk van de Heer kent geen einde,
Hij brengt genezing op de aarde.
(Uit het apocriefe bijbelboek Wijsheid van Jezus Sirach 38: 6-8)
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