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Investigating the binding properties of porous drug delivery systems using
nuclear sensors (radiotracers) and positron annihilation lifetime
spectroscopy—Predicting conditions for optimum performance
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Understanding how the size, charge and number of available pores in porous material influences the
uptake and release properties is important for optimising their design and ultimately their application.
Unfortunately there are no standard methods for screening porous materials in solution and therefore
formulations must be developed for each encapsulated agent. This study investigates the potential of a
library of radiotracers (nuclear sensors) for assessing the binding properties of hollow silica shell
materials. Uptake and release of Cu2+ and Co2+ and their respective complexes with polyazacarboxylate
macrocycles (dota and teta) and a series of hexa aza cages (diamsar, sarar and
bis-(p-aminobenzyl)-diamsar) from the hollow silica shells was monitored using their radioisotopic
analogues. Coordination chemistry of the metal (M) species, subtle alterations in the molecular
architecture of ligands (Ligand) and their resultant complexes (M-Ligand) were found to significantly
influence their uptake over pH 3 to 9 at room temperature. Positively charged species were selectively
and rapidly (within 10 min) absorbed at pH 7 to 9. Negatively charged species were preferentially
absorbed at low pH (3 to 5). Rates of release varied for each nuclear sensor, and time to establish
equilibrium varied from minutes to days. The subtle changes in design of the nuclear sensors proved to
be a valuable tool for determining the binding properties of porous materials. The data support the
development of a library of nuclear sensors for screening porous materials for use in optimising the
design of porous materials and the potential of nuclear sensors for high through-put screening of
materials.

Introduction

Significant progress in the fabrication of supramolecular objects
with novel phase morphologies, architectures and functions has
been achieved in recent times.1–6 Of particular importance are
the hollow spherical aggregates, which have potential for en-
capsulating cargo molecules within the “empty” core domains.7,8

Breakthrough in the synthesis of mesoporous silica materials with
controlled particle size, morphology and porosity has enabled new
applications in medicine, environment and industry.1–6

The silica matrices are particularly attractive because of their
intrinsic chemical stability and biocompatibility. Silica is an
essential component of cells in the human body and amorphous
silica is known to be non-toxic and biodegradable.9 Amorphous
silica is ultimately excreted via the urine. Further, when the surface

aCentre for Antimatter-Matter Studies (CAMS) at the Australian Nuclear
Science and Technology Organisation (ANSTO), Menai, NSW, 2234,
Australia. E-mail: suzanne.smith@ansto.gov.au
bCentre for Antimatter-Matter Studies (CAMS) at the Australian National
University, Canberra, ACT, 0200, Australia
cExilica Ltd, The Technocentre, Puma way, Coventry, CV1 2TT, UK
dInstitute of Applied Physics, University of Tsukuba, Tsukuba, Japan

is functionalised, mesoporous silica can be readily internalised by
plant and animal cells and is reported to have shown no significant
cytotoxicity.7

A particularly significant advancement in the field has been
the ability to engineer controlled porosity in these materials for
applications such as drug delivery. The silica particle acts as a
shield for its cargo molecule (i.e. drugs or peptides or proteins)
and is expected to transport its cargo to the desired site without
any significant loss prior to localisation. The release of the cargo
molecules can then be triggered by change in pH at the target site
or degradation of the particle in vivo. Control of such processes
is only possible if the silica materials can be produced with well-
defined surface areas and tuneable pores sizes and volumes.

The release mechanism of biodegradable polymer-based drug
delivery systems relies on hydrolysis of the carrier, often triggered
by suspension in water. For these materials the cargo must be
loaded using organic solvents. Organic solvents are not always
ideal for biological product as they can trigger denaturation or
aggregation of the proteins.

For many mesoporous silica nanoparticles, absorption to the
surface of the pores is reported to be controlled by size or
morphology of the pores.10 However it is difficult to predict under

6278 | Dalton Trans., 2011, 40, 6278–6288 This journal is © The Royal Society of Chemistry 2011
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what conditions the cargo molecules can be loaded and released.
Therefore formulation for uptake and release must be determined
for each cargo molecule and application. This is largely because it
is difficult to determine the actual charge within the pores of the
material. Some researchers have reported that the pore size does
not influence the release of the cargo.11 Other researchers have
reported that the morphology of mesoporous silica nanomaterials
controls the release behaviour.12 This tends to suggest that the
pores are of one type and therefore the affinity between the pore
surface and the cargo molecule governs the release rate and not
the size of the pores.

Understanding how the synthetic process changes the overall
size and porosity of the particle is crucial for optimising the
design of such systems. Numerous tools are used to provide
information on the porosity in these types of materials, they
include Small Angle Neutron Scattering and X-ray spectroscopy
(SANS, SAXS), nitrogen gas adsorption-desorption, Brunauer
Emmett Teller (BET), Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM) and Positron Anni-
hilation Lifetime Spectroscopy (PALS).13 Collectively they can
provide information about the surface area and potentially the size
and concentration of pores in the material. Positron annihilation
technique is the powerful characterization tool for studying the
size and concentration of free volume and defects in materials.
The material is exposed to a 22Na source and the lifetime of the
positron in the material is used to determine the micropore size.
The positron lifetime (t) is the reciprocal of the integral of the
positron r+(r) and the electron r-(r) densities at the site where the
annihilation takes place.

t = constant x (
∫

r+(r) r-(r) dr)-1 (1)

A PAL spectrum of a polymer is usually found to consist of three
different types of mean lifetimes (free positron, para-positronium
and ortho-positronium) which correspond to different annihilation
processes. For example, eqn (1) shows that a larger pore, which
has a lower average electron density, is expected to have a

longer positronium lifetime and is generally attributed to ortho-
positronium formation.

However, these tools provide little information about the
chemistry within the nanopores of the silica shells for loading the
desired cargo molecules. Hence the pharmaceutical industry has
to investigate a wide range of conditions (through trial and error)
in order to determine the best condition for loading and release
of molecules. The study of absorption of cargo agents (metals
and/or drugs) to solid materials is generally performed using
techniques such as atomic absorption spectroscopy, X-ray fluo-
rescence spectroscopy, inductive coupled plasma-atomic emission
spectrometry (ICP-AES), chelate titration, polarographic analysis,
X-ray photoelectron spectroscopy, ATR/IR spectroscopy, elec-
tron spin resonance (ESR) spectroscopy and UV/Vis spec-
troscopy. Such techniques require either large test samples or
solutions, or have comparatively complex testing procedures to
determine the amount of cargo molecule absorbed. These methods
can be extremely costly in time and use of expensive cargo
molecules (i.e. drugs, peptides and proteins).

An alternative approach is the use of radiotracers, either the ra-
dioisotope of the metal ion of interest or a radioisotopic analogue
to quantitatively track the movement of common cargo molecules
within and from the materials. Gamma emitting radioisotopes are
particularly useful as the gamma signal can be easily detected in
various phases (i.e solid and liquid) using a gamma counter and
they are highly sensitive. Test samples can be kept to a minimum
(milligrams and microlitres) and analysis is rapid (secs) without
a significant amount of processing. Furthermore, studies can be
conducted under a range of solvent conditions including high
electrolyte concentrations.14,15,16

This study reports the development and application of a library
of radiotracers (nuclear sensors) of varying size, charge and
hydrophobicity. Radiometal complexes of a series of ligands (see
Fig. 1) were prepared to probe the chemistry and the availability
of the pores within a hollow silica shell material.17 The effect of
pH on the binding and release from the hollow silica particles is
presented. The intent of this work is to develop a library of nuclear

Fig. 1 Selected ligands radiolabelled for investigating binding properties of hollow silica shells. Ligand abbreviations: 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (dota); 1,4,8,11-tetraazacyclo-dodecane-1,4,8,11-tetraacetic acid (teta); 3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane-1,8-
diamine (diamsar); 1-N-(4-aminobenzyl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane-1,8-diamine (sarar); bis-(1-N-(4-aminobenzyl)-3,6,10,13,16,19-
hexaazabicyclo[6.6.6]eicosane-1,8-diamine (bis-(p-aminobenzyl)-diamsar). Metal complexes of these ligands will be denoted as (M-ligand)n+, e.g.
(Co-diamsar)2+.

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 6278–6288 | 6279
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Table 1 Retention factor (Rf) and mobile phases used to separate the 57/natCo2+ and each 57/natCo-Ligand system

57/natCo2+ 57/natCo-Ligand
Mobile phase Rf Rf

0.1 M sodium acetate pH 4.5: H2O: MeOH: ammonium hydroxide 20 : 18 : 2 : 1 v/v);
used to separate (57/natCo-dota)2- from free 57/natCo2+

<0.2 >0.8

0.15 M ammonium acetate pH 6.5; used to separate (57/natCo-diamsar)2+,
(57/natCo-sarar)2+ or (57/natCo-bis-(p-aminobenzyl)-diamsar)2+ from free 57/natCo2+

>0.8 <0.2

sensor to determine the chemistry within porous materials in order
to optimize their design and application as delivery vehicles.

Experimental

Materials and equipments

All reagents and solvents used were of analytical grade and
obtained from commercial sources. Hollow silica shells were
supplied by Exilica Ltd, The Technocentre, Puma Way, Coventry,
CV1 2TT, UK. Water used for experimental purposes was Milli-Q
grade (18 X cm). Buffers and mobile phases in this study were
prepared as required.

High specific activity (SA) radioisotopes 57Co2+ (t 1/2 =
271.8 days; SA = 2.59 ¥ 105 GBq g-1) and 64Cu2+ (t1/2 = 12.7 h;
SA = 1.28 ¥ 106 GBq g-1) were obtained from MDS Nordion
and ANSTO Radiopharmaceuticals and Industrials (ARI) respec-
tively. The gamma emissions used to monitor each radioisotope
were 122.1 and 136.5 keV for 57Co2+ and 511 keV for 64Cu2+.
Analytical standard solutions of CoCl2 (0.01 M) and CuCl2

(0.01 M) were supplied by Sigma Aldrich and Riedel de Haen
respectively. CuCl2, CoCl2 and 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (dota), 1,4,8,11-tetraazacyclododecane-
1,4,8,11-tetraacetic acid (teta) were purchased from Sigma Aldrich
and Macrocyclics (USA) respectively.

The equipment used for the binding and loading capacity studies
include Eppendorf 5804R centrifuge, Wallac Wizard 1480 gamma
counter and MyLab SLRM-2 M Intelli Mixer rotomix. Mass
spectroscopy was conducted using AB Applied Biosystems MDS
SCIEX API 2000 LC/MS/MS System mass spectrometer with
an electrospray positive ionization method. Bruker Avance DPX
400-1H NMR (400 MHz), 1H recorded in D2O; chemical shifts
for 1H signals for each compound were measured relative to the
internal standard of dioxane. 1H NMR (D2O) d : 3.75 (s).

Preparation of hollow silica shells

The procedure for fabricating silica shells used is summarised be-
low and detailed elsewhere.17 Poly(1-methylpyrrol-2-ylsquaraine)
(PMPS) were prepared by refluxing equimolar amounts of 1-
methylpyrrole and squaric acid in butan-1-ol for 18 h. The particles
formed were filtered and washed (using a Soxhlet) with hot
ethyl acetate. To the PMPS beads (1 g) was added 30 mL of
9 : 1 TEOS:ethanol and the mixture was sonicated for 10 s and
magnetically stirred for a further 30 min. The resultant product
was vacuum filtered and then suspended in 0.1 M HCl and stirred
for 30 min. The PMPS beads were filtered off and then transferred
to a crucible. The crucible was heated from 150 ◦C to 660 ◦C at
10 ◦C min-1. The temperature was then held at 660 ◦C such that

Table 2 Lifetime components for hollow silica shells and Co-doped
hollow silica shells

Sample t 2(ns) t 3(ns) t 4(ns) R2(nm) R3(nm) R4(nm)

No.1 1.017 ± 0.03 2.57 ± 0.05 17.8 ± 0.2 0.34 0.67 1.68
No.2 0.64 ± 0.01 2.33 ± 0.02 — 0.18 0.62 —

the overall time in the furnace was 3 h. After such time the sample
was removed to cool at ambient temperature.

Co-doped hollow silica shells

To 300 mg of hollow silica shells was added 0.1 M potassium
dihydrogen phosphate (PBS) solution (5 mL), vortexed and the
beads left to swell for 5 min. To the suspension was added cobalt(II)
chloride (0.82 g) in PBS. The mixture was then left to agitate for
24 h and then centrifuged (1000 rpm for 1 min) and the supernatant
decanted off. The Co-doped hollow silica shells were washed with
Milli-Q water (3 ¥ 1 mL), dried in air and analysed by PALS.

PALS (Positron Annihilation Life-time Spectroscopy) analysis

The lifetime spectra of the positrons were measured by using
a digital oscilloscope (LeCroy Wavepro) and two scintillation
detectors based on Hamamatsu H3378 photomultiplier tubes and
BaF2 scintillators.18 About 4 ¥ 106 counts were accumulated for
each lifetime spectrum. The lifetime spectrum of positrons, SLT(t),
is given by

SLT(t) =
∑

li I i exp(-li t), (2)

where li and I i are respectively the i-th components of the
annihilation rate of positrons and its intensity.

The lifetime of the positrons, t i, is given by 1/li. The observed
spectra were analysed with a time resolution of about 170 ps (full-
width-at-half-maximum, FWHM) by using the RESOLUTION
computer program.19 The data are presented in Fig. 2, 3 and
Table 2.

Synthesis of hexa-aza cages

(Cu-diamsar)2+. Diamsar was prepared in a similar manner to
that previously described and characterised by 1H NMR.20 The
CuCl2 (1.28 g; 11.5 mmol) was added to diamsar in ethanol (3.0 g;
9.55 mmol; 100 mL). The blue solution formed was evaporated to
dryness under reduced pressure and the residue (Cu-diamsar)Cl2

(4.8 g) used without further purification for the synthesis of (Cu-(p-
nitrobenzyl)-diamsar)2+ and (Cu-bis-(p-nitrobenzyl)-diamsar)2+.

6280 | Dalton Trans., 2011, 40, 6278–6288 This journal is © The Royal Society of Chemistry 2011
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Fig. 2 Positron Annihilation Life-time Spectroscopy (PALS) spectrum of
hollow silica shells.

(Cu-(p-nitrobenzyl)-diamsar)2+ and
(Cu-bis-(p-nitrobenzyl)-diamsar)2+

The complexes were prepared using a modified literature
procedure.21 The (Cu-diamsar)Cl2 (2.5 g; 5.58 mmol) was dissolved
in ethanol water solution (w/w 1 : 1; 50 mL). The pH of the
solution was adjusted to 4.5 by the addition of 4% NaOH solution.
Then the 4-nitrobenzaldehyde (1.18 g; 7.81 mmol) and sodium
cyanoborohydride (0.42 g; 6.68 mmol) were added and the reaction
mixture was left to stir under nitrogen gas for 5 h at 23 ◦C. The
ethanol was then evaporated off and the blue solution diluted
in water (2 L) and loaded onto a Sephadex SP C-25 column
(55 ¥ 7.5 cm swelled in water). The column was washed with
various sodium citrate solutions (1 L of 0.1 M followed by 4 L
of 0.3 M). Three fractions representing three blue bands on the
column were collected. They represent (Cu-diamsar)2+, (Cu-(p-
nitrobenzyl)-diamsar)2+ and (Cu-bis-(p-nitrobenzyl)-diamsar)2+ in
order of elution. Each fraction was diluted in water (3 fold) and
then absorbed on to three different Dowex 50 W ¥ 2 columns
(10 ¥ 1.2 cm swelled in water) and washed with water at a flow
rate of 14 mL min-1. The respective columns were then washed
with 1 M HCl (1 L) and respective copper complexes were eluted

with 6 M HCl. Each fraction was evaporated to dryness under
vacuum and the resultant residue dissolved in water (2 ¥ 40 mL)
and rotary evaporated to dryness. The addition of absolute ethanol
(20 mL) to the residue and sonication for 3 min resulted in
the precipitation of blue crystals. The crystalline product was
filtered and washed with 10 mL of cold ethanol and dried under
vacuum. Yield for (Cu-(p-nitrobenzyl)-diamsar)2+ and (Cu-bis-
(p-nitrobenzyl)-diamsar)2+ were 0.81 g (29%) and 0.38 g (11%)
respectively. An electrospray mass spectrometry (ESI/MS) in an
aqueous solution (10-6 M) at a cone voltage of 25 V was conducted.
(Cu-(p-nitrobenzyl)-diamsar)2+; ESI/MS: displayed a major signal
at m/z = 547.2 [M+ HCl]+ and m/z = 256.2 [M+ 2H]2+ with a minor
signal of m/z 511.4 [M + H]+. (Cu-bis-(p-nitrobenzyl)-diamsar)2+;
ESI/MS: displayed a major signal at m/z = 682.4 [M+ HCl]+ and
m/z = 324.0 [M+ 2H]2+ with a minor signal of m/z 646.5 [M +
H]+.

(bis-(p-aminobenzyl)-diamsar)2+

Sodium borohydride (600 mg; 1.59 mmol) in water (0.5 mL) was
slowly loaded on to the catalyst [10% palladium on activated
charcoal] (110 mg) under nitrogen. The (Cu-(bis-p-nitrobenzyl)-
diamsar)2+ (384 mg; 0.06 mmol) dissolved in NaOH solution
(0.5 mL; 0.04% NaOH) was then added slowly to the suspension
under nitrogen. The reaction was allowed to proceed until the
colour of the solution turned from blue to clear (30 min at 23 ◦C).
The Pd/C catalyst was filtered off (0.22 mm) and hydrochloric acid
(1 M) was added dropwise until gas evolution ceased (~0.5 mL,
1 M HCl). The clear solution was lyophilised to produce a white
powder. 1H NMR: 3.00 (s, 12H, NCH2CH2N); 3.31 (s, 12H,
NCCH2N); 3.96 (s, 4H, ArCH2); 6.94 (d, 4H, Ar–H); 7.34 (d,
4H, Ar–H); ESI/MS, m/z = 525.6 [M + H]+.

Sarar

Sarar was synthesized using a similar procedure as previously
described.21

Sodium borohydride (380 mg; 10.0 mmol) in water
(0.6 mL) was slowly loaded on to the catalyst [10% pal-
ladium on activated charcoal] (65 mg) under nitrogen. The

Fig. 3 The lifetime and relative intensities of micropores in undoped and Co-doped hollow silica shells.

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 6278–6288 | 6281
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(Cu-(p-nitrobenzyl)-diamsar)2+ (500 mg; 0.76 mmol) dissolved in
NaOH solution (0.4 mL; 0.04% NaOH) was then added slowly
to the suspension under nitrogen. The reaction was allowed to
proceed until the colour of the solution turned from blue to clear
(20 min at 23 ◦C). The Pd/C catalyst was filtered off (0.22 mm) and
hydrochloric acid (1 M) was added dropwise until gas evolution
ceased (~0.7 mL, 1 M HCl). The clear solution was lyophilised to
produce a white powder. 1H NMR: 2.92 (s, 12H, NCH2CH2N);
3.00 (s, 6H, NCCH2N); 3.10 (s, 6H, NCCH2NCCH2); 3.58 (s, 2H,
ArCH2); 6.81 (d, 2H, Ar–H); 7.13 (d, 2H, Ar–H); ESI/MS, m/z =
420.4 [M + H]+.

Complexation of 57/natCo2+ by dota, diamsar, sarar and
bis-(p-aminobenzyl)-diamsar - (57/natCo-Ligand)

A typical procedure involved exposing equimolar amounts
(1.5 ¥ 10-2 M) of the Ligand (dota, diamsar, sarar or bis-(p-
aminobenzyl)-diamsar) to a Co2+ solution doped with 57Co2+ in
sodium phosphate buffer (PBS) pH 7. The mixture was then
vortexed for 5 s and incubated at 23 ◦C for 1 h. The total volume
of the final solutions was 480 mL. The complexation reaction was
monitored at 23 ◦C by instant thin layer chromatography (ITLC-
SG) until > 95% of the 57/natCo-Ligand was formed. The mobile
phase and retention factor (Rf ) for 57/natCo2+ and 57/natCo-Ligand
are summarised in Table 1. The percentage of 57/natCo2+ complexed
by the Ligand was calculated for each reaction.

Uptake of 64/natCu2+, 57/natCo2+, (57/natCo-dota)2-,
(57/natCo-diamsar)2+, (57/natCo-sarar)2+ and
(57/natCo-bis-(p-aminobenzyl)-diamsar)2+ by hollow silica shells

A typical procedure involved mixing 10 mg (accurately weighed in
triplicate) of hollow silica shells in 1480 mL of appropriate buffer
(pH 3–9) at 23 ◦C. Buffer solution ranged from 0.1 M glycine in
0.1 M sodium chloride for pH 3.0; 0.1 M sodium acetate for pH 4.0
and 5.0; 0.1 M potassium dihydrogen phosphate for pH 6.0, 7.0
and 8.0; 0.1 M glycine in 0.1 M sodium chloride, pH adjusted
with sodium hydroxide to pH 9.0. The resulting mixture was then
vortexed for 5 s and left to agitate for 5 min. The hollow silica
shells were then exposed to either free 57/natCo2+ or 64/natCu2+ (1 ¥
10-3M) or 57/natCo-Ligand (1 ¥ 10-4M) in 20 mL. Uptake of the
metal ions and 57/natCo-Ligand were monitored until equilibrium
was reached. At set time intervals (0, 5, 10, 30, 60, 90, 120 min and
24 h) the reaction mixture was centrifuged (7.5 rpm for 2 min). The
supernatant was sampled (20 mL in triplicate) and the radioactivity
associated with solutions and hollow silica shells were measured
using the gamma counter. The moles of metal (M) ions and metal–
ligand complex (M-Ligand) associated with the hollow silica shells
were calculated for each time point using eqn (3). In addition, the
distribution coefficients (Kd) at the various time intervals were
calculated as outlined in eqn (4).

A
B

=
× % activityassociated with hollowsilicashells

weight (mg)of hoollowsilicashells
(3)

Where A = moles of M ion or M-Ligand bound to milligrams of
hollow silica shells and B = initial moles of M ion or M-Ligand

K
C m

D Vd =
(% / )

(% / )
(4)

Where C = M ion or M-ligand bound to hollow silica shells
D = M ion or M-ligand in solution
m = amount of hollow silica shells (mg)
V = total volume of the solution (mL)

Release of 64/natCu2+, 57/natCo2+, and 57/nat Co-Ligand from hollow
silica shells

The hollow silica shells were loaded with each nuclear sensor [i.e.
64/natCu2+, 57/natCo2+, (57/natCo-dota)2-, (57/natCo-diamsar)2+, (57/natCo-
sarar)2+ or (57/natCo-bis-(p-aminobenzyl)-diamsar)2+ in a similar
manner to that described above and once equilibrium was reached,
centrifuged (7.5 rpm for 2 min) and the supernatant removed
carefully. The loaded hollow silica shells were then exposed to a
fresh solution of buffer (1.5 mL) and vortexed for 5 s. The mixtures
were left to agitate at 23 ◦C up to 24 h. Then solutions were sampled
for the release of nuclear sensor over varying time intervals (10,
30, 60, 90, 120 min and 24 h) in a similar to that described above.
The radioactivity associated with solutions and hollow silica shells
were measured in a gamma counter. As described above the moles
of M ion and M-Ligand associated with the hollow silica shells
were calculated at each time point.

Results and discussion

Preparation of hollow silica shells and measurement of porosity

The hollow silica shells were prepared by the over-coating of
sacrificial polymeric template particles with a silicon precursor
followed by thermal calcination in a furnace at 660 ◦C. The
hollow silica shells were specifically designed to act as molecular
containers. They have a thin permeable shell to promote increased
flow of target molecules and solution into and from the shells. The
surface area (SSA) of the hollow silica shells was determined using
the BET isotherm to be > 370 m2 g-1.22

In the present study, positron annihilation lifetime spectroscopy
(PALS) was used to determine the microporosity in the hollow
silica shells. The probability or intensity of ortho-positronium
formation is proportional to the number of free pores in hollow
silica shells. A comparison of spectra for undoped and Co-
doped hollow silica shells is illustrated in Fig. 2. Visual analysis
of the spectra shows there is a sharp decrease in the intensity
of the Co-doped silica shell spectrum compared to that of the
metal free sample. This clearly reflects a change in the sample.
Fig. 3 and Table 2 summarises the analysis of these spectra and
the determined life-time and intensity of the free positrons and
positronium formation (pick-off annihilations) on exposure to the
22Na source.

Analysis of the results using eqn (1) show the spectrum (No.1)
for the hollow silica shells decomposed into four components [t i

where i = 1 to 4] (see Fig. 3a). The pore diameters within the
hollow silica shells were estimated from the lifetimes of each ortho-
positronium component using the Tao–Eldrup model.23 From
Fig. 3(a) we can see that the hollow silica shells have four lifetime
components (t 1 to t 4) while Co-doped silica shells have only three
lifetime components (t 1 to t 3). The second and third lifetimes
present in both spectra appear to be due to pick-off annihilation
of Ps and relate to two pore sizes of 0.34 nm and 0.67 nm radii.
The longest lifetime, t 4 found present only in the hollow silica
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shell relates to the presence of a larger pore of 1.68 nm radius.
Fig. 3(b) show the relative intensity of each t value. It show the
disappearance of the t 4 lifetime (intensity 0%) in the Co-doped
samples. This suggests that the major trapping of the Co(II) ion
occurs in the larger pore of 1.68 nm.

Preparation of hexa aza cage derivatives

The hexa aza cage systems were synthesised via a metal template
synthesis of the Co(II)-diamsar species as previously described.20

The cobalt ion was removed using sodium cyanide followed
by extraction into acetonitrile. The recrystallised diamsar is
then complexed with a slight excess of copper chloride and
reductive amination of (Cu-diamsar)2+ with p-nitrobenzaldehyde
afforded both the copper complex of the bis and mono alkylated
species of diamsar (Cu-(p-nitrobenzyl)-diamsar)2+ and (Cu-bis-(p-
nitrobenzyl)-diamsar)2+ respectively, as the hydrochloride salt. The
final products were purified on a Sephadex SP C-25 and Dowex
50 W ¥ 2 columns. The mass spectra analysis gave for (Cu-(p-
nitrobenzyl)-diamsar)2+ a major signal at m/z = 547.2 [M+ HCl]+

and m/z = 256.2 [M+ 2H]2+ with a minor signal of m/z 511.4
[M + H]+. and (Cu-bis-(p-nitrobenzyl)-diamsar)2+ a major signal
at m/z = 682.4 [M+ HCl]+ and m/z = 324.0 [M+ 2H]2+ with a
minor signal of m/z 646.5 [M + H]+, indicating pure products (in
supplementary material). The de-metallation from the cage was
performed by using the reducing agent sodium borohydride with
palladium on carbon in basic media. This afforded sarar and bis-
(p-aminobenzyl)-diamsar (Fig. 1) as a white powder. All other
Ligands were obtained from commercial sources.

Preparation of nuclear sensors

A range of nuclear sensors (radiotracers) was prepared for
investigating the chemical properties of porous materials. All
ligands (see Fig. 1) were chosen based on their ability to form
thermodynamically stable complexes with Cu2+ or Co2+ metal
ion.24,25

Stability constants (log K) reported for dota complexes of Hg2+,
Cu2+, Ni2+ and Co2+ are 26.4, 22.2, 20.0 and 20.2 at 25 ◦C,
[0.1 M (CH3)4N(NO3)] respectively and 25.7, 21.6, 19.9 and 16.6
respectively for teta.26–28 The Hg2+ complex with sar, the parent
hexa aza cage of sarar, log K is 28.1 ([OH-] = 0.1 M, I = 0.5 M
NaClO4, at 25 ◦C), which is significantly larger than the Hg2+ dota
or teta complexes.29 The [Cu(sar)]2+ complex is expected to be
even more stable but the very slow dissociation of the Cu2+ cation
precludes the determination of its log K value. The exchange of
radiolabelled Cu2+ ion with the copper complex (< 6% in 18 h at
~ 25 ◦C) is consistent with this analysis.

Each ligand was radiolabelled with either nat/57Co2+ or nat/64Cu2+

respectively.
The radiolabelling of each ligand was performed by mixing

the metal ion (M) with the Ligand (L) at a molar ratio of 1 : 1
at ~10-2 M and room temperature. ITLC was used to monitor
the complexation of the M ion. Once the complexation reaction
was complete the final products were diluted in the various
buffer solutions and monitored for breakdown over time. Those
complexes that demonstrated stability over a 24 h period were
used for the binding studies. Fig. 4 shows the percentage of M ion

Fig. 4 Percent of 57/natCo 2+ complexed by dota, teta, diamsar, sarar
and bis-(p-aminobenzyl)-diamsar after 1 h. [M2+] = 10-3 mol L-1; Buffer:
0.1 mol L-1 PBS pH 7; T = 23 ◦C; Time = 1 h.

complexed by selected ligands at millimolar concentrations after
1 h at pH 7.

Metal (M) binding properties of hollow silica shells

An accurately weighed amount of hollow silica shells was incu-
bated in buffer solutions (i.e. pH 3–9) at room temperature for at
least 5 min. The suspensions were then exposed to each nuclear
sensor and the resultant reaction mixture was then sampled at
varying time intervals (5 min to 24 h) after centrifugation. The
amount of nuclear sensor bound to the hollow silica shells was
determined by counting in a gamma counter. Fig. 5 to 8 illustrate
selected data.

Fig. 5 The effect of pH on metal binding properties of hollow silica shells
at ambient temperature. [M2+] = 10-3 mol L-1; silica shell = 10 mg; V =
1.5 mL; Time = 10 min; T = 23 ◦C; number of samples (n) = 3.

Fig. 5 illustrates the binding profile for Cu2+ and Co2+ over a
range of pH. The data clearly indicate the absorption of these metal
ions is dependent on pH, with maximum absorption occurring
over pH 6–8. While the absorption curves for Cu2+ and Co2+ are
similar, the total amount of M ion bound and the rate at which
equilibrium is reached were significantly different for the two metal
ions. The total amount of Cu2+ bound was 1.5 fold higher than Co2+

in pH 8 buffer. The rate at which the Cu2+ ion was absorbed was
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Fig. 6 Metal ion bound to hollow silica shells verses time at pH 8. [M2+] = 10-3 mol L-1; silica shell = 10 mg; V = 1.5 mL; T = 23 ◦C; number of samples
(n) = 3.

considerably faster than Co2+ ion, reaching maximum absorption
within 10 min compared to 90 min for the latter species (see Fig. 6).

Low uptake of both metal ions at pH 3 to 5 indicates the
pores of the hollow silica shells are most likely negatively charged,
attracting the H+ ion more readily. In contrast, the poor uptake
at pH 9 is mostly likely due to either the Cu2+ and Co2+ ion
preferentially binding to buffer (i.e. glycine) or the formation of
soluble hydroxide species. ITLC was used to monitor the formation
of metal hydroxide species (Rf 0) in the absence of hollow silica
shells and was found to be absent. Only at a Co2+ concentration
of 0.75 x10-2 M in glycine buffer (pH 9) is there any evidence of
precipitation, hence it is more likely for the present studies the Co2+

is forming complexes with glycine buffer. Thus the Co2+ complex
is not as readily available for the uptake by hollow silica shells.
Overall the metal ion binding properties of the hollow silica shells
at pH 6–8 correlates well with the desolvation energies for inner
sphere H2O from the respective metal ion (i.e. Cu2+ = ~ 5 ¥ 108 s-1

and Co2+ = ~4 ¥ 105 s-1).30 The affinity and total amount of metal
ion bound correlates with the Irving William series Cu2+ > Co2+.

Metal complex (M-Ligand) binding properties of hollow silica
shells

The uptake of each Co-Ligand species by the hollow silica shells
was also monitored over time (up to 24 h) or until equilibrium
was reached at each pH. The moles of nuclear sensor associated
with the hollow silica shells (10 mg) were calculated at each time
point. In general, the M-Ligand absorption by the hollow silica
shells was selective and rapid at room temperature. The reactions
were often complete within 10 min with mild shaking or 1 min
with vortexing. Fig. 7 and 8 illustrate selected results.

Fig. 7 compares the binding of a series of nuclear sensors to the
hollow silica shells over a range of pH. The data show how the
effect of charge and hydrophobicity of M-Ligand can significantly
influence its binding to the hollow silica shells. The positively
charged nuclear sensors; (Co-diamsar)2+, (Co-sarar)2+ and (Co-
bis-(p-aminobenzyl)-diamsar)2+ show increased binding affinity as
the pH is increased (from pH 5–9). Notably, negatively charged
species (Co-dota)2- were preferentially weakly absorbed at pH 3
and 4 compared to positively charged nuclear sensors. The binding

affinity of the (Co-teta)2- was also tested at pH 3 to 9 and found to
behave in a similar manner to the (Co-dota)2- over the same pH.

Of particular significance is the dramatic enhancement in
the binding of the (Co-bis-(p-aminobenzyl)-diamsar)2+ species
at pH 6, 7 and 8 compared to both (Co-diamsar)2+ and (Co-
sarar)2+. The binding affinity for all three of the positively charged
M-Ligand species is equivalent at pH 9. In view of this, the
binding of the positively charged M-Ligand was fast and in the
following sequence Co-(bis-(p-aminobenzyl)-diamsar)2+ > (Co-
diamsar)2+ > (Co-sarar)2+ at pH 9 (see Fig. 8). Comparison of the
rate of uptake for these hexa aza cage complexes by hollow silica
shells over time show that with the more hydrophobic species,
[(Co-sarar)2+ and (Co-bis-(p-aminobenzyl)-diamsar)2+], binding
was complete in only 10 min, while equilibrium for (Co(diamsar)2+

took 90 min. Data also show that the total amount absorbed for
each nuclear sensor is equivalent at 1440 min.

Collectively it could be speculated that the pores within the
hollow silica shells are most likely negatively charged and that
affinity for the positively charged molecules will be preferred.
In addition the more hydrophobic molecules will be absorbed
preferentially at the high pH (neutral through to basic). This is
consistent with the behaviour observed for the higher absorption
of negatively charged species to the hollow silica shells at pH 3
to 4. At the lower pH the pores within the hollow silica shells are
most likely protonated and the positively charged nuclear sensors
can not compete for the binding sites as effectively as H+ ion.
The PALS study described earlier support the hypothesis that the
nuclear sensors are most likely to be absorbed into the larger pore
(radius = 1.68 nm) of the hollow silica shell.

Release of metal (M) and metal complexes (M-Ligand) from
hollow silica shells

The binding studies were conducted over a range of pH in order
to identify the conditions under which the nuclear sensor is stably
bound and most likely to be released. Together with the PALS data
they can assist to gain an understanding of whether the size or
charge of the pores govern the binding properties, and ultimately
how this information can be used to guide reengineering of these
types of materials.
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Fig. 7 Effect of pH on the binding of metal complexes (Co-Ligand) to hollow silica shells. [Co-Ligand] = 10-4 mol L-1; silica shell = 10 mg; V = 1.5 mL;
Time = 10 min; T = 23 ◦C; number of samples (n) = 3.

Fig. 8 Moles of (Co-Ligand)2+ absorbed into hollow silica shells at pH 9 over time. (Co-Ligand)2+ = 10-4 mol L-1; silica shell = 10 mg; V = 1.5 mL; T =
23 ◦C; number of samples (n) = 3.

Depending on the results obtained in Fig. 7 hollow silica shells
were loaded with the nuclear sensors at their optimum pH. The
mixtures were centrifuged and the hollow silica shells loaded with
the nuclear sensor were separated and re-exposed to fresh buffer
solution of the same pH. Initial binding conditions for the M
species, negatively and positively charged M-Ligand species were
conducted at pH 6 to 8, pH 3 to 5 and pH 6 to 9, respectively. The
mixtures were then vortexed and left to agitate at 23 ◦C for 24 h.
The release of nuclear sensor was monitored over time. Fig. 9 to
11 show percentage of nuclear sensor released after 24 h.

Fig. 9 shows that twice as much Cu2+ ion (30.0 ± 0.4%) is released
at pH 7 compared to Co2+ (16.0 ± 0.1%) after 24 h. For pH 6 and 8
the amount released for both metal ions is similar, (17.0 ± 0.4%). In
contrast the negatively charged species (Co-dota)2- and (Co-teta)2-

are released more rapidly, with ~50–60% and ~80% between pH 3–
5, respectively after 24 h (see Fig. 10).

The positively charged hexaza cage complexes absorbed into
hollow silica shells were exposed to solutions of pH 6 to 9 (see

Fig. 9 Percentage of M released from hollow silica shells after re-exposure
to fresh buffer solution. [M] = 10-6 mol L-1; silica shell = 10 mg; V = 1.5 mL;
T = 23 ◦C; number of samples (n) = 3.

Fig. 11). Up to 20% [19.0 ± 0.2% to 20.0 ± 2.5%] (Co-diamsar)2+

was released from hollow silica shells within minutes, with no
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Fig. 10 Percent of (Co-Ligand)2- released from hollow silica shells after
re-exposure to fresh buffer solution. [Co-Ligand] = 10-6 mol L-1; silica
shell = 10 mg; V = 1.5 mL; T = 23 ◦C; number of samples (n) = 3.

further loss over the study period of 24 h. For (Co-sarar)2+ loss is
highly dependent on pH with 50.0 ± 0.7%, 30.0 ± 0.7%, 10.0 ± 0.1%
and 0% released after 24 h at pH 6, 7, 8 and 9, respectively. For
the more hydrophobic nuclear sensor, (Co-bis-(p-aminobenzyl)-
diamsar)2+ the behaviour is quite different. There is 30.0 ± 0.7%
and 35.0 ± 0.3% released at pH 7 and 9, respectively, and in
contrast, less than 26.0 ± 0.2% is released at pH 6 and 8. As
demonstrated with the Co-doped silica shells using PALS, the
nuclear sensors are most likely absorbed into the larger pore
(1.68 nm radius).

Distribution coefficients for nuclear sensors with hollow silica shells

Distribution coefficients (Kd) are often calculated in an effort
to obtain an indication of strength of binding between a solute
and resin in the presence of a specified solution. Distribution
coefficients are generally used for metal purification where it is
important to determine conditions of highest and weakest binding
to the exchange resins. This information is then used to determine
the optimum conditions for separation.

For the current study the Kd was determined by exposing a
known quantity (10 mg) of hollow silica shells in a fixed volume
(1.5 mL) and known concentration of nuclear sensors (1 ¥ 10-4 M)

and incubated with gentle agitation at 23 ◦C for 24 h in various
buffer solutions. Selected data are given in Fig. 12 and 13. Kd

values greater than 100 have been classified as moderate binders
while those in the region of 1000 or more are considered to be
high binding. Values in the region of 50 to 10 are weak binders
and therefore would be released rapidly when exposed to the same
buffer conditions. The data presented in this study (Fig. 13) show
that the Kd value for (Co-dota)2- and (Co-teta)2- were lower than
that for the positively charged M-Ligand. This may be attributed to
the higher affinity of (M-Ligand)2+ for exchange sites on the hollow
silica shells. More importantly the high Kd indicates the optimum
solvent conditions under which an agent should be bound and
the large volumes of solvent that would be required to release the
agent from the hollow silica shells.

Conclusion

The work presented here represents the first report of the
application of radiometal complexes for the characterization of
porous materials. The work clearly shows the absorption to the
hollow silica shells is governed by size, charge and hydrophobicity
of its micropores. The micropores in the hollow silica shells are
sensitive to subtle changes in the molecular architecture of the
ligands and their resultant complexes demonstrated by distinct
changes in rate of absorption and release. The binding of the
nuclear sensors is most likely due to hydrogen, electrostatic or
ionic bonding. Distribution coefficients proved to be valuable
and sensitive indicators of release rates, and potentially could
be useful for defining formulation and application of the porous
material.

The use of nuclear sensors was found to be a very sensitive and
fast method for assessing the performance of porous materials.
An advantage of this approach is the minimal amount of
product required for analysis. The process is highly adaptable
for high-throughput screening of the next generation of porous
or controlled release materials. It has the potential to predict the
type of molecules and the conditions under which they might
be encapsulated by porous material. Using this strategy for the
screening of porous materials may provide an opportunity for real
cost savings in development of product formulations.

Fig. 11 Percent of (Co-Ligand)2+ released from hollow silica shells after re-exposure to fresh buffer solution. [Co-Ligand] = 10-6 mol L-1; silica shell =
10 mg; V = 1.5 mL; T = 23 ◦C; number of samples (n) = 3.
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Fig. 12 Distribution coefficient of M after re-exposure to fresh buffer solution. [M] = 10-3 mol L-1; silica shell = 10 mg; V = 1.5 mL; T = 23 ◦C; number
of samples (n) = 9.

Fig. 13 Distribution coefficient of M-Ligand after re-exposure to fresh buffer solution. [M-Ligand] = 10-4 mol L-1; silica shell = 10 mg; V = 1.5 mL; T =
23 ◦C; number of samples (n) = 9.
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