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One of the major challenges of MR imaging is the quantification of local concentrations of contrast agents. Cellular
uptake strongly influences different parameters such as the water exchange rate and the pool of water protons, and
results in alteration of the contrast agent’s relaxivity, therefore making it difficult to determine contrast agent con-
centrations based on the MR signal only. Here, we propose a multimodal radiolabeled paramagnetic liposomal
contrast agent that allows simultaneous imaging with SPECT and MRI. As SPECT-based quantification allows deter-
mination of the gadolinium concentration, the MRI signal can be deconvoluted to get an understanding of the cel-
lular location of the contrast agent. The cell experiments indicated a reduction of the relaxivity from
2.7� 0.1mM

�1 s�1 to a net relaxivity of 1.7� 0.3mM
�1 s�1 upon cellular uptake for RGD targeted liposomes by means

of the contrast agent concentration as determined by SPECT. This is not observed for nontargeted liposomes that
serve as controls. We show that receptor targeted liposomes in comparison to nontargeted liposomes are taken
up into cells faster and into subcellular structures of different sizes. We suggest that the presented multimodal con-
trast agent provides a functional readout of its response to the biological environment and is furthermore applicable
in in vivomeasurements. As this approach can be extended to several MRI-based contrast mechanisms, we foresee a
broader use of multimodal SPECT/MRI nanoparticles to serve as in vivo sensors in biological or medical research.
Copyright © 2011 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this paper
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1. INTRODUCTION

Magnetic resonance imaging (MRI) plays an important role in di-
agnosis of diseases thanks to its superb soft tissue contrast and
high spatial resolution. MR image generation is based on the
proton concentration and on the water protons’ magnetic prop-
erties that are tissue specific. MR contrast between tissues can be
further enhanced with contrast agents (CA) that decrease the
longitudinal or transversal relaxation times of water protons (T1
and T2 respectively). Clinically used T1 contrast agents commonly
are based on gadolinium (Gd) chelates (1), while T2 agents are
based on iron (Fe) oxides (2). For applications in molecular imag-
ing (3), drug delivery (4) or cell tracking (5), accurate means of
assessing tissue concentrations of CA are essential. MRI-based
quantification of CA concentration can be approached by mea-
surement of the pre- to post-CA-induced changes in the T1 or
T2 relaxation times. In aqueous media, the relaxivity r1,2 (mM

�1 s�1)
relates CA concentration (i.e. expressed in terms of Gd or Fe con-
centration) to the measured relaxation times T1,2 (s). In vivo, the
situation becomes more complex as CA may bind to biological
compounds or undergo compartmentalization and internaliza-
tion, which modulates parameters such as the tumbling and wa-
ter exchange rates as well as the pool of water protons that can
interact with the CA. These effects lead to an agent relaxivity that
is different compared with the in vitro relaxivity (6�8). In this sit-
uation, the apparent disadvantage of MRI can be utilized as a
tool to investigate the localization of the CA, provided that the
local concentration of CA is known. Any approach to quantitative
imaging of contrast agents with MRI and the analysis of the

in vivo relaxivity of MR agents requires a priori a determination
of the contrast agent concentration by independent means. Gd
concentration measurements in tissue by inductively coupled
plasma (ICP) are the gold standard, but can obviously only be ap-
plied post-mortem, which restricts this method to fundamental
research. Dual modal nanoparticles like fluorine-based emulsions
that carry a high payload of Gd-chelates conjugated to the lipid
monolayer offer an elegant way to determine the Gd-concentration
based on the fluorine signal quantified with MRI (9,10). In principle,
this approach is well suited for in vivo use in order to probe the
effective relaxivity, although it suffers from the low MRI sensitiv-
ity for fluorine.
Here we propose a radiolabeled paramagnetic liposome

(Fig. 1) as a multimodal agent for SPECT/MRI measurements,
where the radiolabel allows quantification of the Gd
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concentration based on SPECT imaging. This type of multimodal
nanoparticle can be employed as a tool to investigate interac-
tions between agent and the biological environment providing
the relaxivity as a read-out. We tested this concept in vitro with
multimodal nanoparticles carrying cyclic RGD peptides to target
the avb3 receptor in comparison to nontargeted liposomes. The
avb3 receptor is typically overexpressed on endothelial cells in
angiogenic blood vessels of tumors and is considered a bio-
marker for cancer (11). Consequently, our in vitro study was per-
formed in cell assays using proliferating human umbilical vein
derived endothelial cells (HUVECs) as a model system. Earlier cell
studies performed with targeted and nontargeted liposomes as
well as multimodal fluorine-based emulsions revealed a system-
atic decrease of the relaxivity for targeted particles upon uptake
into HUVECs owing to compartmentalization. Here, liposomes
were prepared by thin film hydration and subsequent extrusion
following earlier published procedures (12). The liposomal bi-
layer contained amphiphilic Gd-chelates, a fluorescently labeled
lipid based on rhodamine, and an amphiphilic DOTA ligand con-
jugated to a lipid construct, which later was used for radiolabel-
ing with indium-111 (111In) for SPECT. A maleimide-lipid was
furthermore incorporated in the lipid bilayer as a handle to cova-
lently couple cyclic RGD on the liposomal surface for targeting
(RGD-liposomes; non-RGD-containing liposomes were used as
nontargeted controls and will be further referred to as NT-
liposomes). Agent quantification based on SPECT was compared
with g-counting and ICP-MS and used to derive cell-associated
relaxivities from relaxation time measurements. Confocal laser
scanning microscopy (CLSM) was employed to follow the fate
and intracellular localization of the agents.

2. RESULTS AND DISCUSSION

Typically, the final lipid concentration after preparation of the li-
posomal formulation was approximately 50mM as determined
by phosphate determination according to Rouser et al. (13). Size
control is of high importance since it may be a critical parameter
in the cellular uptake process (14). Dynamic light scattering
showed a single peak of 182 and 178nm for RGD-andNT-liposomes
with a polydispersity index of 0.18 and 0.16 respectively. High-
resolution cryogenic transmission electron microscopy (cryo-TEM
images; figure S1 in Supporting Information) revealed spherical uni-
lamellar vesicles, typical for liposomes, as well as a few micelles, as

was observed previously (15). The longitudinal (r1) and transverse
(r2) relaxivities were determined in a HEPES buffered saline solu-
tion at a field strength of 6.3 T and at a temperature of 20 �C,
resulting in r1 = 2.7� 0.1 and 3.4� 0.1mM

�1 s�1 and r2 = 16.2
0.1 and 16.1� 0.1mM

�1 s�1 for RGD-liposomes and NT-
liposomes respectively.

To investigate cellular uptake of the multimodal RGD-or NT-
liposomes, cultured HUVEC cells were incubated with a liposome-
containing medium at a concentration of 1.2mmol total lipid per
ml for 1 up to 8h. Next, cells were thoroughly washed, collected
and centrifuged to obtain loosely packed cell pellets and subse-
quently imaged with MRI and SPECT/CT. Figure 2 shows MRI,
SPECT and overlaid SPECT/CT images of pellets containing
HUVECs that were incubated for 8 h with NT-liposomes (Fig. 2A),
A), RGD-liposomes (Fig. 2B) and control HUVECs that were not in-
cubated with contrast agent (Fig. 2 C). T1-weighted MR images
show that the pellet containing control HUVECs is essentially
iso-intense with the medium above, whereas pellets containing
NT-or RGD-incubated HUVECs can easily be distinguished from
buffer as a consequence of the reduced T1. The RGD-incubated
cells show higher signal compared with cells incubated with
NT-liposomes. Accordingly, SPECT imaging showed a low signal
coming from HUVECs incubated with NT-liposomes, and a
brighter signal for cells incubated with RGD-liposomes, whereas
no activity was found in control HUVECs.

The longitudinal relaxation rates (R1 = 1/T1) of the cell pellets
(Fig. 2D) increased faster after incubation with RGD-liposomes
when compared with NT-liposomes, while these differences
remained small for the transverse relaxation rate relaxation rates
(R2 = 1/T2; Fig. 2E). However, earlier studies showed that R1 or R2
does not allow determination of the intracellular concentration
of the paramagnetic nanoparticle (6,7). Compartmentalization
into cell organelles may decrease the intracellular relaxivity,
which manifests itself in a nonlinear dependence of R1 on cell-
associated contrast agent concentration (8,16). This becomes im-
mediately evident when comparing the MRI data (Fig. 2D) with
corresponding SPECT data in Fig. 2(F), which shows the activity
per cell pellet after different incubation times with RGD-and
NT-liposomes. The cellular uptake of the targeted contrast agent
as analyzed with SPECT indicates a faster uptake compared with
the apparent uptake kinetics as deduced from the MRI data
(Fig. 2D). The SPECT data of Fig. 2(F) indicate a 3.3 times higher
uptake of RGD-liposomes compared with NT-liposomes, whereas
the R1 values of Fig. 2(D) show merely a factor of 2.1, pointing to

Figure 1. Schematic representation of a multimodal RGD-conjugated liposomal contrast agent. The nanoparticle contains an MR label (Gd-DOTA-DSPE), a
radiolabel for SPECT (111In-DOTA-DSPE) and a fluorescent label (Rhodamine-PE).
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a systematic decrease of the net relaxivity of targeted liposomes
upon cellular uptake. The transverse relaxation rate (Fig. 2E) for
both RGD-and NT-liposomes showed similar values throughout
the incubation-time range.

For a more detailed analysis, the Gd concentration needed to
be related to the activity of 111In. In a dilution series of 111In-
labeled liposomes, the 111In signal was measured using scintilla-
tion counting of g-photons, while the Gd concentration was de-
termined with inductively coupled plasma mass spectrometry
(ICP-MS). For our multimodal agent, 900 counts from 111In corre-
sponded to 1 nmol Gd, allowing a direct quantification on the
amount of Gd within the cells based on the SPECT signal. Before-
hand, the SPECT system was calibrated with an 111In source to re-
late counts to activity (1000 counts corresponded to 2.2 kBq 111In
at our reference time). It should be noted that the amount of
111In atoms present in this study was a factor of 106 lower than
Gd, reflecting the higher sensitivity of SPECT compared with
MRI. Nevertheless, the acquired SPECT data (Fig. 2 F) suffer from
a low signal-to-noise ratio owing to the overall low activity pres-
ent in the cell pellets. To verify whether SPECT imaging yields re-
liable quantitative information in this experiment, the cell pellets
were analyzed by ICP and g-counting for reference. Figure 3
shows the correlation between the Gd content based on SPECT
imaging (Fig. 3A) and g-counting (Fig. 3B) as a function of the
Gd content as determined by ICP-MS; a combination of all data
finally leads to Fig. 3(C), showing that SPECT imaging indeed
allows a reliable quantification of Gd within the cell pellets. In de-
tail, the correlations resulted in Gd3+SPECT = 0.96�Gd3+ICP-MS [R

2 = 0.95,
Pearson’s correlation coefficient (r) = 0.93, p= 0.000], Gd3+ g-counting=
0.97�Gd3+ICP-MS (R

2 = 0.99, r = 0.99, p= 0.000) and Gd3+ SPECT = 0.87
Gd3+ g-counting (R2 = 0.95, r = 0.93, p= 0.000). Applying this con-
cept in vivo would require an application leading to sufficient

uptake of the dual modal liposome and to an activity in the le-
sion that can be reliably quantified with SPECT.
For RGD-liposomes a faster uptake kinetic was observed lead-

ing to 0.63 nmol of Gd per cell pellet after 8 h of incubation com-
pared with 0.19 nmol for NT-liposomes. This three-fold difference
was previously impossible to detect based on the R1 signal as
shown in Fig. 2(D). The SPECT, ICP-MS and g-counting calibration
(Fig. 3) now allowed analysis of changes of R1 and R2 in cells
upon incubation with targeted and nontargeted liposomes as a
function of the Gd concentration, as measured indirectly with
SPECT (Fig. 4A) and volume measurements of the cell pellets
by MR. The expected R1 values as a function of Gd concentration
are plotted based on the intrinsic liposomal relaxivity of r1 = 2.7
0.1mM

�1 s�1 that was previously determined in HBS buffer
(Fig. 4A, solid line). Clearly, all values for R1 are lower than
expected, indicating a reduced intracellular longitudinal relaxivity.
The slope taken from the corresponding linear fits allows compu-
tation of the apparent intracellular relaxivity for RGD and NT-
liposomes (1.73� 0.3 vs 2.34� 0.7mM

�1 s�1), revealing a pro-
nounced reduction of the longitudinal relaxivity for targeted lipo-
somes. The underlying mechanism for the observed effect is the
different uptake of targeted and nontargeted liposomes. Internal-
ization by the avb3 receptor is faster and also leads to a different
localization of the targeted nanoparticle compared with nontar-
geted liposomes (7). No significant R2 differences were observed
between RGD-and NT-liposomes treated cells at any time point.
The cellular location of the liposomal contrast agent was de-

termined using confocal laser scanning microscopy (CLSM), by
using the rhodamine fluorphor present in the bilayer of the lipo-
somes. Figure 5 shows confocal images of HUVECs grown on gel-
atin-coated coverslips. Both RGD-and NT-liposomes accumulated
in the perinuclear region. Until 8 h of incubation, both the

Figure 2. Upper row: T1-weighted MRI, SPECT and combined SPECT/CT images of pellets of HUVECs incubated for 8 h with NT-liposomes (A), RGD-
liposomes (B) and control HUVECs without contrast agent (C). The pellets are situated at the bottom of the Eppendorf cups. Below: uptake of contrast
agent as described by R1-MRI (D) and R2-MRI (E), and the number of counts (F) in SPECT (background subtracted) as a function of time for HUVECs in-
cubated with RGD-liposomes (solid squares) or NT-liposomes (open circles). All measurements had a typical error of 10–15% (for more details, see Mate-
rials and Methods section in the Supporting Information). An exponential fit to the data (y= yo +A*e�t/x) is provided as a dashed line. Two data points
marked with asterisks were not included in the exponential fit.

A. DE VRIES ET AL.

wileyonlinelibrary.com/journal/cmmi Copyright © 2011 John Wiley & Sons, Ltd. Contrast Media Mol. Imaging 2011, 68–75

70



RGD-and NT-liposomes were mainly found in sharply delineated
spherical structures 0.4–1.0mm diameter inside the cytoplasm.
No detectable association of liposomes with the cellular mem-
brane was observed for both RGD-and NT-liposomes. Clear dif-
ferences in uptake between RGD-and NT-liposomes were
visible. For HUVECs incubated with RGD-liposomes, many signif-
icantly larger vesicular structures with a diameter of 1–5 mmwere
observed, indicating concentrated spots of RGD-liposomes.
On the other hand, incubation with NT-liposomes resulted in a
perinuclear intracellular distribution in smaller 0.4–1.0 mm diam-
eter vesicles. A three-compartment exchange model as

previously published by Strijkers et al. (8) showed that the lower
surface-to-volume ratio for larger sized vesicles compared with
small vesicles results in a reduced water exchange across the ve-
sicular membrane, which again translates into a reduced longitu-
dinal relaxivity. This observed reduction can be ascribed to the
endocytotic uptake of RGD targeted liposomes into larger vesi-
cles (Fig. 4A).

3. CONCLUSIONS

Previously, liposomes have been investigated as a combined
SPECT and MRI contrast agent (17–21); however, these studies
did not address quantification to aid in the interpretation of
MRI parameter changes. In our study, we demonstrated that dual
modal nanoparticles can be utilized in SPECT to measure the par-
ticle concentration. The presented dual-modality approach can
give a better understanding of the cellular location of the con-
trast agent as its concentration can be determined by SPECT
while MRI is used to measure the relaxivity. As the latter is

Figure 3. Gadolinium content calculated from SPECT (A), g-counting (B)
as a function of the amount of gadolinium determined by ICP-MS;
amount of gadolinium calculated from SPECT correlated to gadolinium
content as calculated from g-counting data (C) for HUVECs incubated
with RGD-liposomes (solid squares) or NT-liposomes (open circles). The
solid line is a linear fit to all experimental data resulting in Gd3+SPECT =
0.96�Gd3+ICP-MS [R2 = 0.95, Pearson’s correlation coefficient (r) = 0.93,
p= 0.000], Gd3+ g-counting = 0.97�Gd3+ICP-MS (R2 = 0.99, r = 0.99, p = 0.000)
and Gd3+ SPECT = 0.87�Gd3+ g-counting (R

2 = 0.95, r = 0.93, p = 0.000).

Figure 4. 1H relaxometry measurements for pellets of HUVECs incu-
bated with RGD-liposomes (solid squares) or NT-liposomes (open circles).
R1 (A) and R2 (B) as a function of the concentration of gadolinium as de-
termined by SPECT. Data fits are provided as a dashed (RGD-liposomes)
and dotted (NT-liposomes) line. The solid line in (A) represents the calcu-
lated R1 values that should have been observed if the relaxivity was not
quenched and was found to be significantly different from the RGD-
liposomes in HUVECs (p< 0.05).
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modulated by the intracellular location (i.e. endosome, cytosol),
the net relaxivity provides indirect information about the fate
of the contrast agent upon cellular uptake. This approach may
be easily extended to multimodal SPECT/MRI and also PET/MRI
nanoparticles to measure other functional MR-based signals, as
was previously demonstrated for pH-mapping (22,23). Other
examples range from smart MR probes to report temperature
and enzyme activity based on different concepts such as CEST
agents (24,25), enzyme-responsive paramagnetic liposomal con-
trast agents (26) to MR image-guided drug delivery systems
(4,27) and cellular trafficking (5), where the alterations in the
MRI signal are a convolution of MR contrast agent concentration
and a response to the environment. As this approach is noninva-
sive and applicable in vivo in longitudinal studies, a broad utility
of this concept can be expected in imaging-based analyses in bi-
ological and medical research.

4. EXPERIMENTAL

4.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethyleneglycol)-2000] (PEG2000-DSPE), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide(polyethyleneglycol)-
2000] (Mal-PEG2000-DSPE) and 1,2-dipalmitoyl-sn-3-phosphoetha-
nolamine-N-[lissamine rhodamine B sulfonyl) (rhodamine-PE)
were obtained from Avanti Polar Lipids (Alabaster, AL, USA).

1,2-Distearoyl-sn-glycero-3-phosphpethanolamine-[tetraazacy-
clododecane tetraacetic acid] (Gd-DOTA-DSPE) and DOTA-DSPE
were purchased from SyMO-Chem (Eindhoven, the Netherlands).
Endothelial Growth Medium-2 (EGM-2) and HUVECs were or-
dered with Lonza Bioscience (Switzerland). Monoclonal mouse
anti-human CD31 antibody was obtained from Dakocytomation
(Glostrup, Denmark). Alexa Fluor 488 conjugated goat anti-
mouse secondary antibody was obtained from Molecular Probes
Europe BV (Leiden, the Netherlands). Cyclic RGD, c[RGDf(�S-
acetylthioacetyl)K] was synthesized by Ansynth Service BV (Roo-
sendaal, the Netherlands). 111In originated from Perkin Elmer
(Boston, MA, USA). All other chemicals were obtained from
Sigma (St Louis, MO, USA) and were of analytical grade or the
best grade available.

4.2. Liposome preparation and characterization

The 200 nm-diameter liposomes containing Gd-DOTA-DSPE,
DOTA-DSPE, DSPC, cholesterol, PEG2000-DSPE and Mal-PEG2000-
DSPE at a molar ratio of 0.72:0.03:1.10:1:0.075:0.075 were pro-
duced by lipid film hydration and extrusion (400 mmol lipids in
total). Briefly, the lipids were dissolved in a 1:5 v/v methanol–
chloroform mixture. As a fluorescent marker, 0.1mol% of
rhodamine-PE was added. A lipid film was created by drying
in vacuo. The lipid film was hydrated at 67 �C using a HEPES buff-
ered saline solution (HBS), containing 20mM HEPES and 135mM

NaCl (pH 6.7). The lipid suspension was extruded at 67 �C, twice
through a single 200 nm polycarbonate membrane (Whatman,

Figure 5. CLSM images of HUVECs incubated with RGD-liposomes (RGD) or NT-liposomes (NT). Blue, DAPI; red, rhodamine; green, CD31; bar, 50mm.
The number shown in the top right corner of each column refers to the incubation time in hours. Note that the laser intensity used to obtain NT 4�
images (middle row) was four-fold higher than the intensity used to obtain the other images (bottom and top row).
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Kent, UK) and six times through a double 200 nm polycarbonate
membrane. After extrusion, half of the liposome suspension
was modified with a cyclic RGD-peptide (6 mg mmol�1 total lipid)
to target the anb3-integrin. The cyclic RGD-peptide was
deacetylated and coupled to the distal end of Mal-PEG2000-DSPE.
After incubation overnight at 4 �C, both batches of liposomes
were centrifuged at 310 000 g for 45min in order to remove pos-
sible unconjugated RGD-peptide for the batch containing RGD-
liposomes. The pellets were resuspended in HBS (pH 7.4). Lipid
concentration was measured by phosphate determination
according to Rouser et al. (13). Size and polydispersity index of
the liposomes were determined with dynamic light scattering
(Zetasizer Nano, Malvern, UK). Cryogenic transmission electron
microscopy pictures were obtained with a FEI TECNAI F30ST elec-
tron microscope operated at an accelerating voltage of 300 kV.
Sample preparation was performed by applying a 4ml droplet
of suspension to a holey carbon film and subsequently plunge-
freezing this sample into liquid ethane using a Vitrobot. Both
the longitudinal and transverse relaxivity were determined
at 6.3 T (20 �C) by fitting R1 (1/T1) and R2 (1/T2) values as a func-
tion of the Gd concentration of the liposome suspension as
determined using inductively coupled plasma atomic mass
spectroscopy (ICP-MS) by Philips Research (Eindhoven, the
Netherlands), using the least squares method.

4.3. 111Indium labeling

RGD-liposomes and NT-liposomes were labeled with 111indium
(Perkin Elmer, Boston, MA, USA). In detail, 100 ml ammonium ac-
etate buffer (2M NH4OAc, pH 4.5) was added to a 2.6ml liposo-
mal solution together with 25ml of 111Indium (50MBq) and the
pH was adjusted to 5.0. The sample was stirred at 50 �C for
90min. Free DTPA (10 ml, 10mM) was added to the reaction mix-
ture for 15min to scavenge free radionuclides. Labeling effi-
ciency was checked on silica TLC using 200mM EDTA as mobile
phase and analyzed using a Phosphor Imager (FLA-7000, Fujifilm,
Tokyo, Japan). Radiochemical purities obtained were >95% for
the RGD-liposomes as well as the NT-liposomes.

4.4. Cell culture

Human umbilical vein-derived endothelial cells were used for all
the experiments. Cells were stored in liquid nitrogen upon ar-
rival. Before use, the cells were quickly thawed in a water bath
(37 �C) and divided between two gelatin-coated T75 TCPS flasks
(VWR, West Chester, PA, USA). Cells were cultured in a humidified
incubator at 37 �C with 5% CO2. The EGM-2 medium was
replaced every 2–3 days. Cells were subcultured at 80–90% con-
fluency according to procedures provided by Lonza Bioscience
(Switzerland).

4.5. Experimental setup

Cells of passage 3 or 4 were used for all experiments at 80–90%
confluency. Incubation was carried out on both gelatin-coated
coverslips, for CLSM analysis, and in gelatin-coated T75 TCPS cul-
ture flasks, for MRI, FACS and ICP-MS analysis. Samples for CLSM
were incubated with liposomes that were not labeled with 111In-
dium. All measurements were done in triplicate for both types of
liposomes and each incubation time. To start the experiment,
medium was replaced by either RGD-liposome or NT-liposome
containing medium at a concentration of 1.2mmol total lipid

ml�1. A 4ml aliquot of liposome containing medium was
added to the T75 gelatin-coated TCPS flasks and 0.5ml of me-
dium was added to the gelatin-coated coverslips. The incuba-
tion time with liposomes containing medium was varied
between 0 and 8 h. After incubation, the cells were washed
three times with 5ml pre-warmed (37 �C) HEPES-buffered sa-
line solution to remove nonadherent liposomes. After these
washing steps, the cells grown on coverslips were fixed using
4% PFA for 15min at room temperature. Cells in culture flasks
were detached using 2ml 0.25% trypsin 1mM EDTA�4Na
(Lonza Bioscience, Switzerland). The trypsin solution was neutral-
ized using 4ml trypsin neutralizing solution (Lonza Bioscience,
Basel, Switzerland). Cells were spun down at 220g and the su-
pernatant was removed. The cell pellet was resuspended in
200 ml 4% paraformaldehyde solution in phosphate-buffered sa-
line (PBS) and transferred to a 300ml Eppendorf cup. A loosely-
packed cell pellet was formed by centrifugation at 10g for
5min. The 51 cell pellets (three control, 24 NT-liposome contain-
ing and 24 RGD-liposome containing cell pellets) were stored at
room temperature in the dark.

4.6. Magnetic resonance imaging

The T1 and T2 relaxation times and the volume of the 51 pellets
were measured using a 6.3 T horizontal bore animal MR scanner
(Bruker, Ettlingen, Germany). Samples were measured approxi-
mately 3months after initial labeling. After this period the radio-
activity was reduced to safe levels for handling. All
measurements were carried out at room temperature. Longitudi-
nal and transverse relaxation times were measured in a 3 cm di-
ameter send-and-receive quadrature-driven birdcage coil (Rapid
Biomedical, Rimpar, Germany). The Eppendorf tubes containing
the loosely packed cell pellets were placed in a custom made
holder (four tubes at a time) that was filled with HEPES buffered
saline solution to facilitate shimming. T1 was measured using a
fast inversion recovery segmented FLASH sequence with an
echo time (TE ) of 1.5ms, a repetition time (TR) of 3.0ms, a flip an-
gle of 15º, and an inversion time (TI ) ranging from 67 to 4800ms
in 80 steps. Overall repetition time was 20 s. Field of view (FOV)
was 3� 2.18 cm2, using a matrix size of 128x128, a slice thickness
of 0.75mm and 2 averages. T2 was measured using a multislice
multiecho sequence with TE ranging between 9 and 288ms in
32 steps and a TR of 1000ms. The FOV was 3� 2.2 cm2 and slice
thickness was 0.75mm using a matrix size of 128� 128. The
number of averages was 4. From the images T1-and T2-maps
were calculated using Mathematica (Wolfram Research Inc,
Champaign, IL, USA). The T1 and T2 of the different cell pellets
were determined by selecting a ROI within the pellet. T1-
weighted images were measured using a multislice spin-echo se-
quence with TE= 10.3ms and TR= 500ms. The FOV was
3� 2.18 cm2 and slice thickness was 0.75mm using a matrix size
of 256� 192. The number of averages was 1. The volume of the
cell pellet was determined for each sample separately in a 0.7 cm
diameter solenoid coil using a 3D FLASH sequence with TE= 3.2
ms, TR= 25ms and a flip angle of 30º. The FOV was 1.6� 1.6
1.6 cm3, and matrix size was 128� 128� 128. Number of
averages was 1. A threshold value was determined manually to
select the voxels inside the pellet, which were multiplied by
the voxel volume to obtain the total volume of the pellet. The
concentration of Gd in each cell pellet was determined by divid-
ing the gadolinium content by the pellet volume.
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4.7. SPECT imaging and quantification

Measurements were performed on 17 cell pellets (one control,
eight NT-liposome containing-and eight RGD-liposome contain-
ing cell pellets) using the Bioscan nanoSPECT/CT system
(Washington, DC, USA). Owing to the radioactive decay of 111In-
dium, we were limited to measuring only some of the 51 cell pel-
lets. For the helical SPECT scan 48 projections were obtained
with 960 s per projection using 20% windows centered at
171 keV and a 15% window centered at 245 keV. Subsequently,
a helical CT scan was made for overlay using 45 keV, 177 mA,
2000ms, 360 projections and a pitch of 1. After reconstruction
voxel sizes were obtained of 1.2mm3 (SPECT) and 0.5mm3

(CT). Cellular uptake of 111indium was determined by drawing
at least three different volumetric regions of interest (ROIs)
around the cell pellets using InVivoScope software (Bioscan).
The background was determined using exact copies of the ROIs
drawn around the cell pellets (at least three per vial), but now in
an area without any measurable radioactivity. Quantitative cellu-
lar uptake was obtained after a subtraction of the obtained
SPECT signal within the cell pellets with the background signal.
Calculated errors were typically 10–15% of the total signal and
were derived from the signal error of the ROIs within the vial
and the background error. All 51 cell pellets were furthermore
measured using a g-counting wizard (Wizard 1480 3" Wallac
counter, Perkin Elmer, Groningen, the Netherlands) as a control
measurement for quantitative analysis. Also here a background
correction was performed.

4.8. Statistical analysis

For the correlation of the different quantification techniques,
Pearson’s correlation coefficient (r) was computed. ANOVA tables
were used to calculate the p-values of the three correlation plots,
determining whether there is a statistically significant relation-
ship between SPECT vs ICP-MS, g-counting vs ICP-MS and SPECT
vs g-counting quantification at the 95% confidence interval. No
outliers were removed. The relaxivity values of the RGD-lipo-
somes in cells (Fig. 4A) were compared with the calculated r1 us-
ing a two-sided Student’s t-test with a 95% confidence interval.

4.9. Determination of the phosphorus and gadolinium
concentration by ICP-MS

Phosphorus and Gd concentrations of the liposome mixtures as
well as those from the obtained cell pellets were determined
by means of inductively coupled plasma-mass spectrometry
(ICP-MS, DRCII, Perkin Elmer) after the destruction with nitric acid
at 180 �C.

4.10. Confocal laser scanning microscopy

After fixation, the coverslips with HUVECs incubated with lipo-
somes were stained using a mouse anti-human CD31 antibody
to visualize the cellular membrane. The cells were rinsed for
5min with PBS followed by 60min of incubation with the pri-
mary mouse anti-human CD31 antibody (1:40 dilution). Subse-
quently the cells were washed for 3� 5min with PBS followed
by 30min of incubation with a secondary Alexa Fluor 488 goat
anti-mouse IgG antibody (1:200 dilution). The cells were washed
for 3� 5min with PBS and the nuclei were stained for 5min with
DAPI. After staining of the nuclei the cells were rinsed for 3� 5
min with PBS and subsequently mounted on a microscopy slide

using Mowiol mounting medium. Confocal fluorescence images
were recorded at room temperature on a Zeiss LSM 510 META
system using a Plan-ApochromatW 63�/1.4 NA oil-immersion ob-
jective. Alexa Fluor 488 and rhodamine-PE were excited using
the 488 and 543 nm line of a HeNe laser, respectively. The fluo-
rescence emission of Alexa Fluor 488 was recorded with photo-
multiplier tubes (Hamamatsu R6357) after spectral filtering with
a NFT 490 nm beam splitter followed by a 500–550 nm bandpass
filter. Rhodamine-PE emission was analyzed using the Zeiss Meta
System in a wavelength range of 586–704 nm. DAPI staining of
nuclei was visualized by two-photon excitation fluorescence mi-
croscopy performed on the same Zeiss LSM 510 system. Excita-
tion at 780 nm was provided by a pulsed Ti–sapphire laser
(Chameleon™; Coherent, Santa Clara, CA, USA), and fluorescence
emission was detected with a 395–465 nm bandpass filter. All
experiments were combined in multitrack mode and acquired
confocally.
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