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Michael Schäfers,§,� and Luisa De Cola†,*
†Physikalisches Institut and NRW Graduate School of Chemistry, Westfälische Wilhelms-Universität Münster, Mendelstrasse 7, D-48149 Münster, Germany, ‡Klinik und
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M
olecular imaging is the new
frontier of medical diagnostics.1

It aims at visualizing molecular

systems or events occurring at the cellular

or subcellular level, which are the “signa-

tures” of a given disease. It represents,

therefore, an outstanding breakthrough in

the field of diagnostics currently provided in

the clinical settings in terms of early diag-

noses and in the efficient monitoring of

therapeutic treatments. A major effort in

this field is the design and development of

new molecular probes which may improve

the accuracy and the sensitivity of the de-

tection. Among the most promising sys-

tems, nanomaterials are currently attract-

ing the worldwide interest of researchers

who aim to dedicate this technology to de-

velop novel approaches in cancer imaging,

molecular diagnosis, and targeted

therapy.2,3

The investigated nanosystems include,

among others, liposomes,4,5 silica and sili-

con nanoparticles,6�9 quantum dots,10 mi-

celles,11 dendrimers,12 and polymer-based

nanoparticles.13 The possibility of combin-

ing different imaging modalities in a single

nanoparticle makes them very attractive for

molecular imaging applications.14,15

This work presents a strategy for the

preparation of nanosized materials, contain-

ing radioisotopes, which can be easily pre-

pared, made water-soluble, and eventually

target specific interactions. Our approach

shows how a radionuclide, such as 111In3�,

can be entrapped inside narrow, subna-

nometer channels which belong to the

nanocontainer, zeolite L, without any func-

tionalization or coordination with any

ligand. A strategy to close the channel en-

trances to avoid the leakage of the ions in

physiological solution and to functionalize

the surface with different chemical groups

is described.16,17 Finally, the different nano-

containers have been injected intrave-

nously in Wistar rats and their biodistribu-

tions studied as a function of their surface

functionalization.

In our group, we have already shown

that micro- and nanometer zeolite L, a bio-

compatible crystalline aluminosilicate, can

be functionalized, using different groups,

leading to a dual probe contrast agent for

MRI and optical imaging.18 The possibility

to also include a radiometal for scinti-
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ABSTRACT A new strategy for the radiolabeling of porous nanocontainers has been developed, and the first

experiments in vivo are reported. Our approach consists of the use of nanometer-sized zeolites whose channels

have been filled with the positively charged �-emitter 111In3� via simple ion exchange. To avoid leaching of the

isotope under physiological conditions, the entrances of the channels have been closed using a specifically

designed molecular stopcock. This stopcock has a positively charged group that enters the channels and entraps

the loaded radionuclides via electrostatic and steric repulsion. The other side of the stopcock is a bulky

triethoxysilane group that can covalently bind to the walls of the zeolite entrances, thereby irreversibly closing

the channels. The surface of the zeolites has been functionalized with different chemical groups in order to

investigate the different biodistributions depending of the nature of the functionalizations. Preliminary in vivo

experiments with Wistar rats have been performed and showed the potential of the approach. This strategy leads

to a nanoimaging probe with a very high density of radioisotopes in a confined space, which is highly stable in

physiological solution and could allow a large variety of functionalities on its external surface.

KEYWORDS: nanoparticle · zeolite L · scintigraphic imaging · stopper
system · 111In · in vivo imaging
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graphic imaging further shows how much poten-
tial these kinds of materials have for molecular
imaging applications.

RESULTS AND DISCUSSION
Zeolite L is a biocompatible crystalline alumi-

nosilicate in which corner-sharing SiO4 and AlO4

tetrahedra create a one-dimensional channel ar-
ray. Free cations are present in the channels due
to the negative charged aluminates. Since these
systems are synthesized from bottom-up hydro-
thermal techniques, their size (30 nm up to sev-
eral micrometers) and aspect ratio may be strictly
controlled depending on the reaction conditions.19

The zeolite crystals can be functionalized in different
ways either by loading the channels17,20 or by spatially
controlling the covalent binding of functional
groups.16,21

In this work, we have filled zeolite L nanocrystals
with the radioisotope 111In3� in its ionic form and pre-
vented its release by a specific functionalization of the
channel entrances.

Zeolite L nanocrystals, due to their high porosity
and charged interior, represent an attractive scaffold
for cationic small molecules or ions, which can, with-
out any chemical modification, be inserted into the
channels. Such porosity represents an attractive fea-
ture because it offers a simple, straightforward, and fast
approach to labeling the nanocrystals with cationic
radionuclides or radiosynthons. Therefore, the inser-
tion of the free ions into the nanostructures, which
can be used as trapping agents, is the most desirable
approach for the use of such nanomaterials for in
vivo applications.

For our purpose, we have selected 30 � 30 nm crys-
tals, which have been synthesized according to litera-
ture.22 We have used unmodified zeolites, but also, to
make the surface of the zeolite L crystals more hydro-
philic,23 a batch of the nanomaterials has been modi-
fied by covalent attachment of polyethylene glycol
(PEG) moieties. The Si�OH groups of the surface of
the zeolites reacted with the triethoxysilane derivative
of the PEG molecules (Figure 1).

The crystals were then loaded with the 111In3� ions
by simple ion exchange with the K� ions present in
the channels at the end of the synthesis (see Methods
for details). The loading was
assessed after centrifuga-
tion of the sample by mea-
suring the radioactivity of
the precipitate and the su-
pernatant (precipitate � 98
MBq, supernatant � 13
MBq). The precipitate was
then suspended in 0.9%
NaCl solution and sonicated
for 15 min. After centrifuga-

tion, the radioactivity of the precipitate and the super-

natant was determined. We noticed that there is an ex-

change of the 111In3� ions with the Na� ions present in

the physiological solution used, resulting in a leaking of

the radioisotopes out of the zeolites. The leaking of

the 111In3� from the channels was 11% in the first test

(precipitate � 86 MBq, supernatant � 11 MBq). The

procedure was repeated, and the leaking of the sec-

ond test was 13% (precipitate � 72 MBq, supernatant

� 11 MBq). The leakage continues if the solution is left

standing for a day and is caused by the different cation

concentration gradients across the entry to the chan-

nels ([111In3�]in � [111In3�]out and [Na�]out � [Na�]in). In

such conditions, we could not use the nanomaterials as

a probe. We had to develop a strategy that would per-

manently entrap the ions inside the zeolite without

modifying their properties and with a simple and fast

reaction. We have, therefore, designed and synthesized

a stopper molecule16 that is able to close the channels

permanently. Figure 2 depicts the strategy we have fol-

lowed and shows the stopper molecule developed for

this purpose.

The stopper molecule has been designed to fulfill

several characteristics that would allow it to execute

its function. A positively charged moiety, such as an im-

idazolium, must constitute one end of the stopper mol-

ecule in order to have a driving force for the insertion

into the nanochannels24,25 and to electrostatically re-

pulse the positively charged indium ions. Furthermore,

the tail should contain groups which could interact with

the wall of the zeolites to stabilize the structure, such

as urea derivatives. Finally, the head part of the stop-

per must contain a bulky group that is larger than the

Figure 1. Schematic functionalization of the zeolite L surface with PEG.

Figure 2. Radiolabeling of zeolite L nanocrystals and subsequent sealing using a positively charged
stopcock.
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channel entrance (0.71 nm) to avoid full insertion into

the channels and terminated with highly reactive func-

tional groups able to react with the surface of the chan-

nel entrances, such as silane systems.26

Therefore, the final formula of the stopper mol-

ecule possesses a bulky triethoxysilane moiety linked

to an imidazolium salt via an alkyl urea spacer. The tar-

get compound was prepared by reacting correspond-

ing amine with isocyanate to give urea, followed by

N-alkylation with iodomethane to yield the imidazo-

lium salt (see Scheme 1 and Methods for details).

After loading an unmodified and a PEG-modified

zeolite samples with 111In3� ions by simple ion ex-

change, the nanomaterials were dried and suspended

in a solution of stopper molecule in dry DMF. After re-

action at 60 °C for 3 h, the samples were centrifuged

and washed with EtOH. To check the stability of the

closed radiolabeled nanocrystals in comparison to the

open analogues (see above), a leaking test was per-

formed again. The stopper-closed zeolites were stirred

for 3 h in 0.9% NaCl solution and then were centrifuged.

Afterwards, the amount of 111In3� ions exchanged by

the Na� ions was determined by comparison of the ra-

dioactivity of the supernatant and the precipitate (un-

modified zeolite sample, residue � 46.7 MBq, superna-

tant � 0.2 MBq, leaking � 0.4%; PEGylated zeolite

sample, residue � 32.4 MBq, supernatant � 1.15 MBq,

leaking � 4.4%). The leaking test was repeated after

stirring overnight in 0.9% NaCl solution (unmodified

zeolite sample, residue � 26.3 MBq, supernatant � 0.1

MBq, leaking � 0.4%; PEGylated zeolite sample, residue

� 21.4 MBq, supernatant � 0.1 MBq, leaking � 0.5%).

After the second leakage test, the solids were sus-

pended in 300 �L of 0.9% NaCl solution, and 150 �L of

each solution was injected intravenously into individual

male Wistar rats via the tail vein. At the same time,

a solution of [111In]InCl3 with similar activity was in-

jected into a male Wistar rat as a control experiment.

Three rats (518�634 g) were used. Rat 1 received un-

modified zeolites L filled with 111In3� and sealed with

stopper molecule (10.3 MBq); rat 2 received 30 nm

PEGylated zeolites L filled with 111In3� and sealed with

stopper molecule (7.7 MBq); and rat 3 received

[111In]InCl3 solution (10.7 MBq). Scintigraphic scanning

was started at 70 min after injection of 111In-labeled ze-

olites L and 111In-labeled PEGylated zeolites L to obtain

two static images (Figure 3a�d). Blood samples (6�7

per rat) were taken during the first 2 h from each rat

(Figure 4a). To have a clear picture of uptake of the

nanolabels by the organs, the rats were sacrificed im-

mediately after the scan and tissues were removed to

assess the biodistribution behavior of the tracers (Fig-

ure 4b).

The images and the biodistribution results clearly

show that the particles mainly accumulate in lung,

liver, and spleen, while the free indium ions were ob-

served mainly in blood and in the kidneys. The surface

modification with PEG seems to only slightly influence

the biodistribution behavior, which could be attributed

to the chosen short chain length. As seen from the in

vivo experiments, the particles behave as expected and

as reported for similar systems in the literature.27 The

enhanced uptake in the liver and spleen is largely attrib-

uted to the macrophages residing in the tissues, which

are responsible for clearing particles and macromol-

ecules circulating in the blood. The stability of the par-

ticles seems to be very high in vivo because the distribu-

tion is very different from the distribution of the free

Scheme 1. Two-step three-component sequential one-pot reaction for the stopcock molecule synthesis.

Figure 3. Two-dimensional static scintigraphic images of the rats 70 min af-
ter iv injection of the zeolite loaded with 111In3�. Zeolite L injected into rat 1
in (a) high and (b) low contrast. Surface-modified (PEGylated) zeolite L in-
jected into rat 2 in (c) high and (d) low contrast.
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indium ions. The calculated specific activities of the par-
ticles are 324 GBq/�mol for the unmodified zeolites
and 224 GBq/�mol for the PEGylated zeolite sample
(for the calculation, see Supporting Information).

The different activities are due most likely to a differ-
ent content of the 111In3� ions inside the zeolites. In fact,
the unmodified zeolite channels are more accessible
than the PEGylated ones, allowing a better loading.

As a final step, the surface of the zeolite has been
functionalized with azide moieties to test the possibil-
ity of attaching targeting molecules via simple and mild
“click” chemistry. As a model compound, a triazole de-
rivative has been synthesized by reaction of the azide
group with propargyl alcohol (see Figure 5).

The 1,2,3-triazole-functionalized zeolites were ob-
tained using a general route. First, the crystals were func-
tionalized by a reaction of terminal Si�OH groups with
1-bromopropyl trichlorosilane. In the next step, the bro-
mide was converted into an azide by substitution with
NaN3. In the last step, the triazole was formed by click re-
action of the azide with the triple bond of the 2-propyn-

1-ol. The reactions were followed by IR spectroscopy be-
cause the substitution of the bromide group by sodium
azide is accompanied by the appearance of an intense N3

absorption band at 2104 cm�1 typical of the asymmetri-
cal stretching of the N3 group. After reaction with propar-
gyl alcohol, the N3 absorption band disappears (see Sup-
porting Information for the spectra).28

The triazole-functionalized zeolites were loaded
with 111In3� and closed using the stopper molecule as
described above, and the samples were injected into
four male Wistar rats (316�346 g) intravenously via the
tail vein. Blood samples were taken during the first
hour (Figure 6a). The biodistribution of 111In-labeled ze-
olites functionalized with triazole molecules was inves-
tigated by ex vivo dissection (4 rats) at 5 min, 20 min, 60
min, or 24 h post injection (Figure 6).

The experiment shows that the zeolites are rapidly
cleared from blood and initially accumulated in the
lung, liver, and spleen. Over time, the particles are
cleared from the lung and the activity in spleen and kid-
ney increased. Liver accumulation of the triazole-

Figure 4. (a) Clearance of radioactivity from blood (solid symbols) and plasma (open symbols) of rats after iv injection of
111In-labeled zeolite L or 111InCl3. Six or seven blood samples were taken from each of three rats. Rat 1: 30 nm zeolites L filled
with 111In3� and sealed with stopper molecule (�,Œ). Rat 2: 30 nm PEGylated zeolites L filled with 111In3� and sealed with stop-
per molecule (Œ,o). Rat 3: free [111In]InCl3 (�,p). Solid line is the biexponential fit for blood, rats 1 and 2. Dashed line is the
biexponential fit for blood, rat 3. Dotted line is the linear fit for plasma, rats 1 and 2. (b) Biodistribution of radioactivity in tis-
sues of rats 100�130 min after iv injection of 111In-labeled zeolites. Rat 1: 30 nm zeolites L filled with 111In3� and sealed
with stopper molecule (black). Rat 2: 30 nm PEGylated zeolites L filled with 111In3� and sealed with stopper molecule (light
gray). Rat 3: free [111In]InCl3 (gray).

Figure 5. Surface functionalization of zeolite L nanocrystals with triazole molecules using “click chemistry”.
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functionalized zeolite remained constant 24 h post-
injection as compared to the initial uptake. This sur-
face modification did not interfere with the loading of
111In3� and closing of the channels with the stopper
molecule. Also, it was demonstrated that the zeolite sur-
face can be modified via click chemistry under mild con-
ditions. This paves the way for many functionalizations
of the zeolite targeting biological structures such as re-
ceptors and enzymes. Experiments towards this direc-
tion are ongoing.

CONCLUSIONS
In conclusion, we have shown that the biocompati-

ble zeolite L crystals can be filled with the radioisotope

111In3�, a �-emitter used for scintigraphic imaging in

nuclear medicine, and closed using a tailor-made stop-

per molecule. The nanocontainers were prepared with

very high specific activities of ca. 350 GBq/�mol, and al-

most no leaching of the loaded indium ions was de-

tected after stopper closure of the channels. Surface

functionalization of the zeolite L crystals before load-

ing can be done either via direct coupling to the silanol

groups on the surface or via click chemistry after azide

functionalization of the zeolite surface. This last ap-

proach opens the development of very appealing and

challenging new nanomaterials for multimodal molecu-

lar imaging applications and for selective targeting of

desired systems.

METHODS
All reagents were obtained from Sigma-Aldrich and used

as received if not specified otherwise. Pure zeolite L crystals
were synthesized as described in ref 14; the potassium ex-
changed form was used for all experiments. 2-[Methoxy-
(polyethyleneoxy)propyl]triethoxysilane (PEG-silane) and
bromopropyl trichlorosilane were obtained from ABCR
GmbH.

NMR spectra were recorded on an ARX 300 or an AMX 400
from Bruker Analytische Messtechnik (Karlsruhe, Germany). The
1H NMR chemical shifts (�) of the signals are given in parts per
million and referenced to residual protons in the deuterated sol-
vents dimethyl sulfoxide-d6 (2.50 ppm) or methylene chloride-d2

(5.32 ppm). The 13C NMR chemical shifts are referenced to the
chemical shift of the carbon in the deuterated solvents dimethyl
sulfoxide-d6 (39.5 ppm) or methylene chloride-d2 (54 ppm). The
signal splittings are abbreviated as follows: s, singlet; d, doublet;
t, triplet; q, quartet; m, multiplet; bb, broadband. All coupling
constants (J) are given in hertz (Hz). Mass spectrometry was per-
formed in the Department of Organic Chemistry, University of
Muenster. Electrospray ionization (ESI) mass spectra were re-
corded on a Bruker Daltonics (Bremen, Germany) MicroTof with
loop injection. Isotopic distribution is given with abundance
peak referred to the major isotope peak abundance (100%). FT-IR
spectra were recorded on the Thermo Scientific Nicolet 380
FT-IR spectrometer (spectral range � 7800�350 cm�1 using the
proprietary KBr beam splitter). The resolution was 2 cm�1, and
samples were prepared neat using NaCl crystal disks. Zeta poten-
tial measurements were recorded on a Zetasizer Nano ZS from

Malvern instruments equipped with a 4 mW He�Ne, 633 nm
laser.

Synthesis of the Stopper N-(3-Triethoxysilylpropyl)-N=[3-(3-methyl-1H-
imidazol-3-ium)propyl]urea iodine. The first step of the reaction be-
tween the aminopropyl imidazole and the triethoxysilylpropyl-
isocyanate yields an almost quantitative formation of the urea
intermediate as it is shown by the ESI-MS technique. The addi-
tion of iodomethane leads to the formation of the imidazolium
salt with 95% yield and high purity.29 Due to the reactivity of the
silyl moieties that can result in the formation of undesired side
products during the purification procedure, a simple and fast
workup procedure of the target compound was chosen.30,31

Therefore, the freshly prepared stopcock was precipitated by
Et2O and characterized by NMR, IR spectroscopy, and mass spec-
trometry and used without further purification.

In a PTFE round-bottom flask, aminopropyl imidazole (4
mmol, 0.47 mL) was dissolved in DCM (10 mL), and triethoxysilyl-
propylisocyanate (4 mmol, 0.99 mL) was added dropwise. The so-
lution was stirred at reflux temperature for 1 h. Afterward, a so-
lution of iodomethane (8.28 mmol, 0.5 mL) in DCM (2 mL) was
added. The solution was stirred at reflux temperature for a fur-
ther 2 h and the solvent evaporated under reduced pressure,
yielding a light yellow-brown dense oil (1.47 g, 3.8 mmol, yield
� 95% by NMR). In order to avoid hydrolysis of the stopper mol-
ecule, fast purification was achieved by precipitation by adding
Et2O (0.5 mL) to the crude mixture. The white precipitate was iso-
lated by centrifugation (4500 rpm, 10 min), dried under re-
duced pressure, and characterized by NMR, IR, and ESI-Tof tech-
niques. Small amounts of unreacted imidazole adduct (m/z �
373.2264) and monohydrolyzed product (m/z � 359.2104) were

Figure 6. (a) Clearance of radioactivity from blood (solid symbols) and plasma (open symbols) of rats after iv injection of
111In-labeled zeolites functionalized with triazole molecules. Six or seven blood samples were taken from each of three rats.
Rat 1: ex vivo blood/plasma clearance at 20 s to 5 min (Œ, o). Rat 2: at 1 to 20 min (�, p). Rat 3: at 4 to 60 min (�,Œ). Solid lines
are the biexponential fits for blood samples from rats 1, 2, or from rat 3. Dotted lines are the linear fits for corresponding
plasma samples. (b) Biodistribution of radioactivity in tissues of rats after iv injection of 111In-labeled zeolites functionalized
with triazole molecules. Rat 1: 5 min (black). Rat 2: 20 min (medium gray). Rat 3: 60 min (dark gray). Rat 4: 24 h (light gray).
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detected. 1H NMR shows the presence of reaction solvent
(CH2Cl2, � � 5.75), which was hard to remove under vacuum,
probably due to strong molecular interactions. 13C NMR was re-
corded in CD2Cl2 in order to increase the stopper stability during
the measuring time. Presence of DMSO-d6 (10% v/v) was, how-
ever, necessary in order to increase the compound solubility.

Light yellow-brown dense oil: 1H NMR (400 MHz, DMSO-d6)
� � 0.50 (m, 2H, CH2), 1.13 (t, 9H, J � 8 Hz, 3 CH3), 1.39 (m, 2H,
CH2), 1.84 (m, 2H, CH2), 2.93 (m, 2H, CH2), 2.96 (m, 2H, CH2), 3.73
(q, J � 8 Hz, 6H, 3 CH2), 3.85 (s, 3H, CH3), 4.15 (t, J � 8 Hz, 2H, CH2),
5.94 (bb, 2H, NH), 7.71 (s, 1H, CH), 7.79 (s, 1H, CH), 9.13 (s, 1H,
CH); 13C NMR (100 MHz, CD2Cl2 (10% v/v DMSO-d6)) � � 8.1, 18.6,
24.2, 31.4, 36.0, 37.1, 43.1, 47.7, 58.7, 123.25, 123.84, 137.5, 159.5;
IR (neat) 	 � 3316 (NH), 3145, 3088, 2971, 2929, 2884, 1694
(CO), 1561 cm�1; HRMS (MS-ESI-Tof) m/z calcd for C17H35N4O4Si
(M)� � 387.2428, found � 387.2424.

Loading of the Zeolites with Indium Ions. One milligram of zeolite
sample was added into a centrifuge tube and suspended in 1
mL of the [111In]InCl3 solution (A � 224�367 MBq, GE Health-
care Buchler, Braunschweig, Germany). Because the [111In]InCl3

solution is acidic (0.04 N HCl, V � 500 �L) and the protons would
interfere with the loading process, the solution was neutralized
using tetrapentyl ammonium hydroxide (30 �mol, V � 38 �L of
a 20%(T) solution in water, Fluka, Germany) and further diluted
with 462 �L of water for injection (BBraun). After sonication for
15 min at 60 °C, the suspension was centrifuged for 15 min at
12 000 rotations/min (Centrifuge 5415D, Eppendorf, Germany).
The supernatant was pipetted off, and the activities of the pre-
cipitate and the supernatant were determined. Afterwards, the
sample was dried in an oven and transferred with DMF (3 � 1.5
mL) into a Teflon tube.

Synthesis of the Zeolite Functionalized with PEG. Thirty milligrams
of potassium exchanged zeolite L crystals was suspended in 5
mL of dry DMF, and 30 �L of PEG-silane was added. After stir-
ring for 3 h at 70 °C, the sample was centrifuged and washed
twice with EtOH. Afterward, the zeta potential was measured in
two different buffer systems (0.1 M acetate buffer pH 4.7 (AC47);
0.1 M phosphate buffer pH 7(PP70)). The zeta potential changes
due to the different surface modifications. The unfunctionalized
zeolite crystals have a zeta potential of �20.2 (AC4.7) and �28.2
(PP70). The zeolite crystals functionalized with PEG have a zeta
potential of �5.4 (AC47) and �12.2 (PP70).

Synthesis of the Zeolite Functionalized with Triazole Molecules. Twenty
milligrams of potassium exchanged zeolite L crystals was sus-
pended in 5 mL of dry DMF in a Teflon centrifuge tube, and 20
�L of bromopropyl trichlorosilane was added. After sonication
for 15 min and stirring for 3 h at 60 °C, the sample was centri-
fuged and washed with EtOH twice. In the next step, NaN3 (15
mg, 0.23 mmol) was added to the zeolite in 5 mL of DMF and
stirred at room temperature overnight. Afterward, the sample
was centrifuged and washed with water twice. In the last step,
2 mL of propargyl alcohol was added to the azide-terminated
zeolite in 5 mL of H2O and heated to 70 °C for 5 days.

The NaN3-functionalized zeolites have a zeta potential of
�21.5 (AC47) and �35.4 (PP70). After reaction with propargyl al-
cohol, the zeta potential is �11.6 (AC4.7) and �31.4 (PP70).

Closure of the Zeolite. A solution of 1 mg (2.6 �mol) of stopper
molecule in 1.5 mL of DMF was added to the 111In3�-loaded zeo-
lite sample in 1.5 mL of DMF and stirred at 60 °C for 3 h. After cen-
trifugation for 30 min at 4000 rotations/min (Centrifuge Sigma
3K-1, Germany), the supernatant was pipetted off and the activi-
ties of the precipitate and the supernatant were determined. Af-
ter washing with 0.9% NaCl solution, the sample was stirred
overnight in 0.9% NaCl (BBraun) solution. Afterwards, the sample
was injected into the rats.

Biobistribution Experiments. Animals. Studies were approved by
the federal animal rights committee and were performed in ac-
cordance with institutional guidelines for health and care of ex-
perimental animals.

Male Wistar rats (316�634 g) were anaesthetized by inhala-
tion (isoflurane 2%, oxygen 0.5 L · min�1) for insertion of indwell-
ing catheters into the ventral tail artery (for blood sampling)
and one lateral tail vein (for injection of 111In-labeled zeolites).
Animals were allowed to recover for 1�2 h under light restraint.

Ex vivo biodistribution studies were carried out in conscious ani-
mals.32 Rats were re-anaesthetized for scintigraphic imaging.

Indwelling catheters were not used for 24 h studies. Instead,
a cannula (BD VasculonPlus, 24 GA) was inserted into a tail vein
under anesthesia for injection of 111In-labeled zeolites and was
removed after injection.

Ex Vivo Biodistribution Studies. 111In-labeled zeolites (2.5�11
MBq) in 0.9% NaCl (0.15�0.55 mL) were injected via the tail
vein. Six or seven sequential arterial blood samples (ca. 100 �L)
were taken. An aliquot of whole blood was taken and the re-
mainder centrifuged to separate the plasma. Rats were sacri-
ficed by intravenous injection of sodium pentobarbitone (Eu-
thatal) at 200 mg · (kg body weight)�1 at 5 min to 24 h after
injection. Blood was taken by cardiac puncture, and tissues were
rapidly removed. Tissue samples were blotted dry using filter pa-
per and transferred to weighed vials for reweighing and mea-
surement of radioactivity using an automated gamma counter
(Wallac Wizard 3==, Perkin-Elmer Life Sciences, Boston, MA). Ra-
dioactivity was expressed as cps · (g wet tissue)�1.

As the error associated with pipetting small volumes (10 �L)
of the injected 111In-labeled zeolite suspension was large, the ra-
dioactivity in each injection syringe was measured (ion cham-
ber Aktivimeter ISOMED 2000, Nuklear-Medizintechnik Dresden
GmbH, Germany) before and after injection into each rat and the
injected dose expressed as kBq · kg�1. To compare tissue up-
take in different animals, results were expressed as uptake (arbi-
trary units), defined as

uptake ) tissue radioactivity (cps)/tissue wet weight (g)
radioactivity injected (kBq)/body weight (kg)

Scintigraphic Scanning. Single rats were scanned by planar scin-
tigraphy using one detector of a MultiSPECT M3 gamma cam-
era (Siemens) with the medium energy (ME) collimator operat-
ing at zoom 1.0. Rats were anaesthetized 10 min before scan
start, and anesthesia was maintained throughout the scan (isof-
lurane 2%, oxygen 0.5 L · min�1 per rat). 111In-labeled zeolites
were injected via a venous catheter either 70 min before scan
start (conscious animals) or at scan start (anaesthetized rat posi-
tioned in the scanner). Blood samples were taken from some rats
during the scan.
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