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Cationic liposomes carrying high [Gd] can be used as efficient cell-labeling agents. In a compartmentalized state, Gd
can cause signal loss (relaxivity quenching). The contributions of liposomal [Gd], size and compartmentalization
state to relaxivity quenching were assessed. The dependency of signal intensity (SI) on intraliposomal [Gd] was
assessed comparing three different [Gd] (0.3, 0.6 and 1.0M Gd) in both small (80 nm) and large (120nm) cationic
liposomes. In addition, five compartmentalization states were compared: free Gd, intact Gd liposomes, ruptured
Gd liposomes, Gd liposomes in intact cells and Gd liposomes in ruptured cells (simulating cell death). Gd also causes
R2 effects, which is often overlooked. Therefore, both R1 and R2 relaxation rates of a dilution range were measured
by T1 and T2 mapping on a 7 T clinical scanner. Less is more. As the unidirectional water efflux rate (outbound across
the liposome membrane, κle) is proportional to the surface:volume ratio, smaller liposomes yielded a consistently
higher R1 than larger liposomes. For equal voxel [Gd] less concentrated liposomes (0.3M Gd) yielded higher R1/R2
ratio because of the higher extraliposomal water fraction (vl). Gd exhibits a dualistic behavior: from hypointensity
to hyperintensity to hypointensity, with decreasing [Gd]. Regarding compartmentalization, fewer membrane
barriers means a higher R1/R2 ratio. Gd liposomes exhibit a versatile contrast behavior, dependent on the compart-
mentalization state, liposomal size, intraliposomal [Gd] and liposome number. Both R1 and R2 effects contribute to
this. The versatility allows one to tailor the optimal liposomal formulation to desired goals in cell labeling and track-
ing. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Cellular imaging is the key to non-invasive assessment of cell
transplantation therapies. In this rapidly evolving field many as-
pects of the in vivo kinetics of transplanted cells still need to
be understood. Magnetic resonance imaging (MRI) provides ex-
cellent opportunities in this particular field thanks to its versatile
properties. Combining the right ligand with an MR-sensitive con-
trast agent, magnetic resonance imaging is capable of exposing
a wide range of previously visually occult in vivomolecular or cel-
lular processes to the naked eye.

The two types of MRI contrast agent (CA) currently most
widely used are T1 agents (gadolinium (Gd) and to a lesser extent
manganese (Mn)) or T2 agents (iron oxide particles). Much (pre)
clinical experience has been gained in the past decades with
Gd-based contrast agents, for example Gd-DTPA (Magnevist,
Schering, Germany) and Gd-DO3A-butrol (Gadovist, Schering).
Their use as a cell labeling agent has however been limited,
presumably because of the lower sensitivity obtained when
compared with iron oxide particles. Nonetheless, cationic lipo-
somes loaded with high concentrations of Gd can be used as
an efficient cell-labeling agent for sensitive cellular MRI (1).
Gd-based contrast agents have been used successfully in several
other studies as well (2–7). As Gd mainly shortens T1 relaxation
times (and to a lesser extent T2 relaxation times), its classical ap-
plication consists of the generation of signal gain (hyperintense
or positive contrast) on T1-weighted images. Strikingly, in a
compartmentalized (intracellular) state, Gd can cause signal loss
(hypointense or negative contrast), known as ‘relaxivity

quenching’ (3,7,8). Although initially thought of as a drawback
(9), a recent study showed that contrast changes as a result of
(de)quenching can be advantageous, allowing for a visual and
quantitative distinction between viable and non-viable Gd-
liposome-labeled cells by MRI (10). Relaxivity quenching thus
might harbor more potential for cellular labeling than currently
known. This at the time novel finding of dynamic contrast behav-
ior in vivo encouraged us to study Gd signal quenching in more
detail. The relaxivity of Gd is mainly affected by four parameters:
the number of water molecules in the inner coordination sphere
of the complex, the proton exchange rate in this inner sphere, the
rotational correlation times (related to the size of the molecule)
and the electron spin relaxation rates.
As encapsulation of Gd (inside liposomes and/or inside cells)

affects the transmission of the effect of the paramagnetic center
because of the liposome membrane and the possible restricted
water exchange through this membrane, a better understanding
of relaxivity (de)quenching could contribute to an enhanced
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image interpretation with regard to cell division, cell density and
Gd-liposome load. No doubt this would further open up possibil-
ities in image-guided monitoring of cell transplantation. Al-
though most studies concerning Gd report merely T1
longitudinal times, in the same study we observed that Gd com-
partmentalization (in liposomes) increased r2 relaxivity (com-
pared with ‘free’ Gd). Both T1 and T2 relaxation times of
Gd-lipsomes and Gd-liposome-labeled cells were assessed, as
signal intensity (SI) is dependent on both. Realizing that high
payloads of CAs are involved in cell labeling, we focus on the
high intraliposomal [Gd] concentrations (0.3M–1.0M Gd), which,
to our knowledge, have not been studied before.

2. MATERIAL AND METHODS

2.1. Liposome preparation

As described before (1), cationic liposomes were prepared to
serve as a vehicle to transfer Gd to cells. In brief, a 100μmol
mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC;
Lipoid, Ludwigshafen, Germany), cholesterol (Sigma-Aldrich, St
Louis, MO, USA) and 1,2-dioleoyl-3-trimethylammonium-propane
(chloride salt) (DOTAP; Avanti Polar Lipids, Alabaster, AL, USA) in
the molar ratio 47:33:20 was dissolved in chloroform:methanol
2:1 (v:v). Gd-DO3A-butrol (Gadovist; Bayer Schering Pharma,
Berlin, Germany) was incorporated in these liposomes using the
lipid-film hydration technique followed by filtration through
polycarbonate filters (Whatman, Newton, MA, USA).

2.2. Cell labeling and preparation

Firefly luciferase (Fluc-MSCs) of Passage 4 were used for all ex-
periments. Dulbecco’s modified Eagle’s medium (Invitrogen;
Carlsbad, CA, USA) enriched with additives was used as culture
medium. In short, Fluc-MSCs were labeled with Gd liposomes,
containing 125μM lipid, for 4 h, harvested by trypsinization,
washed three times in PBS and centrifuged at 300 g for 5min
to discard unincorporated contrast agent (1).
After centrifugation and cell counting, cells were resuspended

to their final concentration in 1.07 gmL�1 Ficoll (in vitro experi-
ments) or PBS (in vivo experiments).

2.3. Experiment 1: liposomal size and Gd load

To assess possible effects of liposomal size and liposomal Gd
concentration on T1 and T2 relaxation times, varying liposomal
formulations were prepared. Liposomes were encapsulated with
Gd-DO3A-butrol (Gadovist 1.0M) in three different intraliposomal
Gd concentrations: 1.0M Gd (undiluted), 0.6M Gd and 0.3M Gd,
diluted in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)-buffered saline (20mM HEPES, 135mM NaCl, pH ad-
justed to 7.4). From each batch, both large and small liposomes
were created. Large liposomes were produced by filtering five
times through 200 nm polycarbonate membrane filters followed
by filtering five times through 100 nm filters. Smaller liposomes
were created by five additional passes through 50 nm filters,
followed by ultracentrifugation (300 000 g at 4 °C) to separate
non-encapsulated from encapsulated Gd. Six different liposomal
formulations were finally acquired: 1.0M Gd with size 127 nm
(1.0 ML) and polydispersity index (PDI) 0.076, 1.0M Gd with size
83 nm and PDI 0.054 (1.0 MS), 0.6 Gd with size 119 nm and PDI
0.045 (0.6 ML), 60% Gd with size 93 nm and PDI 0.069 (0.6 MS),
30% Gd with size 124 nm and PDI 0.071 (0.3 ML) and 30% Gd with

size 91 nm and PDI 0.066 (0.3 MS). The subscript abbreviations L
and S refer to the sizes of the liposomal vesicles, with L indicating
large and S indicating small. The average diameter and size
distribution of the liposomes in the final formulation was deter-
mined by dynamic light scattering (DLS) using a Zetasizer Nano
(Malvern Instruments, Malvern, Worcestershire, UK). Liposomal
phosphorus content was assessed by spectrophotometric analy-
sis according to Rouser et al. (11). As quenching occurs at high
(intraliposomal) concentrations of Gd, we aimed to produce very
concentrated Gd liposomes. To this end, the resulting liposome
pellet of each batch was resuspended in 400μL HEPES. A serial
dilution of each suspension was then prepared and used to fill
a 384-well plate, followed by MRI scanning.

2.4. Experiment 2: Gd compartmentalization

To assess the effects of Gd compartmentalization on T1 and T2
relaxation time, five Gd compartmentalization states were com-
pared: viable Gd-liposome-labeled MSCs, non-viable Gd-lipo-
some-labeled MSCs (liposomal as well as cellular membrane
lysed), intact Gd liposomes, lysed Gd liposomes and free Gd-
DO3A-butrol.

Both lysed cells and lysed liposomes were obtained by re-
peated freeze–thawing in liquid nitrogen. Cell death was
assessed by trypan blue assay, whereas liposomal breakdown
was assessed by DLS.

In all in vitro experiments stock batches were prepared in
Ficoll, preventing cell sedimentation during imaging (12), and a
serial dilution was then used to fill a 384-well plate. T1 and T2
relaxation times of the top as well as the bottom slice were mea-
sured, to make sure sedimentation did not occur. Surrounding
wells were filled with water to prevent susceptibility artifacts
from air and very concentrated samples.

2.5. MRI data acquisition and analysis

MRI data were acquired at room temperature (20 °C) on a 7 T ded-
icated animal scanner (Discovery MR901; GE Medical Systems,
Milwaukee, IL, USA, and Agilent Technologies, Santa Clara, CA,
USA) with unmodified gradients and custom-made surface coils
(inner diameter of 5 cm). Spin echo (SE) sequences with multiple
TR (100–2800ms; TE 10ms) and multiple TE (10–100ms; TR
600ms) were used to obtain T1 longitudinal relaxation times
and T2 transverse relaxation times, respectively. Sequences
were acquired with field of view (FOV) = 5.0 × 5.0 cm2, ma-
trix = 160× 160, slice thickness = 1.4mm and number of excita-
tions (NEX) = 2. Using MATLAB (version R2007b), T1 and T2 times
were calculated. Relaxation times were calculated as follows:

ΔR1sample ¼ 1
T1sample

� 1
T1ref

(1)

in which T1sample and T1ref represent the T1 of the Gd-containing
sample of interest and the surrounding wells containing the sus-
pension solution (HEPES or Ficoll), respectively. The same formula
was applied to derive ΔR2 using T2. T1ref and T2ref in vitro were
assessed to be 3100 ± 120ms and 167± 18ms, respectively. A
voxel-by-voxel linear least-squares fit of the natural logarithm of
the signal amplitude versus at least six echo times (TE) was per-
formed to construct R2 maps. For R1 maps at least six repetition
times (TR) were used.
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2.6. Gd content measurement

The Gd concentration in either liposomes or cells was measured
by inductively coupled plasma–optical emission spectroscopy
(ICP-OES; Optima 4300DV, Perkin Elmer, Norwalk, CT, USA)
operating at a wavelength of 342 nm. Aliquots containing either
liposomes or cells were suspended in 4mL 2% Triton X-100
(St Louis, MO, USA), heated up to 55 °C and mixed for 30min at
6 g to induce cellular and liposomal lysis. For internal validation,
stock Gd-DO3A-butrol was included in the measurements as well.
This allowed an intergroup comparison of T1 and T2 relaxation
times, as a function of Gd concentration.

2.7. Statistical analysis

All values are presented as mean± SD from triplicates and
expressed in relation to unlabeled cells.

3. RESULTS AND DISCUSSION

3.1. Experiment 1: the effect of liposomal size and Gd load
on signal quenching

T1 and T2 relaxation times of a dilution range of the Gd-liposome
suspensions (1.0 ML Gd, 1.0 MS Gd, 0.6 ML Gd, 0.6 MS Gd, 0.3 ML

Gd, 0.3 MS Gd) were acquired. Assessment of the actual Gd
concentration by ICP-OES (Table 1) allowed an intergroup com-
parison of ΔR1 and ΔR2, as a function of Gd concentration. For
some of the most concentrated samples the T1 longitudinal
relaxation could not be measured, because it was impossible to
fit a curve through these data points; these data points were
therefore omitted.

Our data showed that all undiluted samples caused prominent
signal hypointensities, except for 0.3 MS Gd liposomes (Fig. 1).
0.3 MS liposomes have the highest r1 relaxivity (i.e. the slope of
a linear curve fit through the ΔR1 data points). Furthermore,
the R1 effects are more pronounced for liposomes with a lower
intraliposomal Gd concentration or of a smaller size and for
more concentrated liposome suspensions (containing a larger

Table 1. Characteristics of the Gd liposomes and extraliposomal solution

Liposome type

1.0 ML Gd 1.0 MS Gd 0.6 ML Gd 0.6 MS Gd 0.3 ML Gd 0.3 MS Gd

Intraliposomal Gd concentration (M) [Gdl] 1.0 1.0 0.6 0.6 0.3 0.3
Intraliposomal Gd concentration (μgμL�1) [Gdl] 157 157 94 94 47 47
Liposomal diameter (nm) 2rl 127 83 119 93 124 91
Suspension volume (μL) Vtot 500 470 450 300 300 300
Suspension total Gd mass (μg)a MGd tot 14 517 9988 9848 5926 3396 1481
Suspension Gd concentration (mM) [Gds] 185 135 139 126 72 31
Volume of single liposome (μL)b Vl 8.39 × 10�13 2.04 × 10�13 6.78 × 10�13 2.99 × 10�13 7.76 × 10�13 2.78 × 10�13

Liposomal Gd mass Gd (μg) MGd l 1.3 × 10�10 3.2 × 10�11 6.4 × 10�11 2.8 × 10�11 3.7 × 10�11 1.3 × 10�11

No of liposomes Nl 1.1 × 1013 3.1 × 1013 1.5 × 1013 2.1 × 1013 9.3 × 1012 1.1 × 1013

Liposome concentration (μL�1) [L] 2.2 × 1011 6.6 × 1011 3.4 × 1011 7.0 × 1011 2.5 × 1011 3.8 × 1011

Total volume of liposomes (μL) Vl tot 92 64 105 63 72 31
Total liposomal water volume (μL)c Vl H2O tot 64 44 85 51 65 29
Extraliposomal water volume fraction ve 0.87 0.91 0.81 0.83 0.78 0.90
Intraliposomal water volume fraction vl 0.13 0.09 0.19 0.17 0.22 0.10
Water volume fraction ratio vl/ve 0.15 0.10 0.23 0.21 0.28 0.11
Efflux exchange rate (s�1) κle 513 822 550 723 526 741
Influx exchange rate (s�1) κel 88 95 168 188 204 87
Sum of exchange rates (s�1) κle + κel 601 917 719 911 730 828
Relaxographic shutter speed (s�1) |R1l� R1e| 4200 4200 2520 2520 1260 1260
aAs measured by ICP-OES.
b5 nm membrane thickness subtracted.
cGd-DO3A-butrol (Gadovist) contains 69.33% H2O

Figure 1. Size- and concentration-dependent contrast effects of Gd li-
posomes. Experiment 1. T1-weighted image (TE 10ms, TR 400ms) of a
384-well plate containing a 1:1 serial dilution of various Gd-liposome
preparations. Gd liposomes with different intraliposomal [Gd] decreasing
in concentration from left to right were scanned. From top to bottom: 0.3
MS Gd, 0.3 ML Gd, 0.6 MS Gd, 0.6 ML Gd, 1.0 MS Gd and 1.0 ML Gd lipo-
somes. The subscripts S and L refer to small and large Gd liposomes, re-
spectively. Note the severe SI loss from highly concentrated samples.
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liposome number). Next, the r1 relaxivity of all Gd-liposome sus-
pensions is lower as compared with uncompartmentalized Gd-
DO3A-butrol.
To understand these data we need to take a look at the factors

that control r1 relaxivity, at both the molecular (Gd-chelate) and
liposomal levels. As known, interaction of Gd-bound chelates
with water protons decreases the water T1 and T2 relaxation
times. The interactions occurring between Gd and H2O protons
at the molecular level are twofold (13). Inner-sphere relaxation
results from the time modulation of the interaction between
the magnetic moment of the protons of the water molecules di-
rectly coordinated to the metal ion (in the inner coordination
sphere) and the magnetic moment of the Gd(III) cations, which
results from its unpaired electrons. This interaction of the pro-
tons occurs mainly through a dipole–dipole mechanism, and
the modulation results from the water exchange rate, the rate
of rotational diffusion of the complex and the electron spin relax-
ation of the Gd(III) ion.
‘Outer sphere relaxation’ is a more complex concept. It results

from the modulation of these dipole–dipole interactions with
the protons of the water molecules which diffuse freely near
the Gd(III) complex. It is a result of the relative rotational and
translational diffusion of water molecules and the paramagnetic
ion. Basically stated, the relaxivity influence of the paramagnetic
ion enhances when an increased number of water molecules can
approach the paramagnetic ion and/or the closer the water
protons can approach the paramagnetic ion. The liposomal
suspension represents a two-compartment system, where the
intraliposomal and the extraliposomal compartments are
separated by the liposomal membrane. Gd is contained in the
intraliposomal compartment. Diffusion of water across the lipo-
somal membrane thus extends the influence of Gd into the
non-contrast-containing compartment. The apparent (measured)
voxel SI is inter alia dependent on the relaxation rate and the
cross-compartmental water exchange rates. As long as the H2O
exchange rate is fast enough on the time scale of T1, protons
excited in one compartment can relax in another compartment
(14). The longitudinal relaxation is then in fast exchange. The
exchange rates can be derived mathematically. For a single
liposome with radius r, with a volume expressed as V= 4/3πr3

and surface area as A= 4πr2, the unidirectional water efflux rate
constant (the reciprocal average liposomal water lifetime) across
its membrane can be expressed as (15)

κle ¼ 1
τl
¼ Pdl

Al
V l

¼ 3Pd
rl

(2)

Pdl (10
�3cm�1), representing the diffusional permeability of the

liposomal membrane, was derived by interpolation from the
nuclear magnetic relaxation dispersion profiles of comparable
POPC-liposomes (1-Palmitoyl-2-oleoyl-sn-glycero-3-Phosphocholine),
containing 30% cholesterol (16).
The occurring exchange is dependent on both the influx (κel)

and efflux water exchange rates (κle) and the water volume frac-
tion of the liposomal (vl) and extraliposomal (ve) compartments.
The unidirectional water influx rate across the liposomal mem-

brane can thus be expressed as

κel ¼ κle
vl
ve

(3)

In fast exchange, the apparent voxel relaxation rate will be a
weighted average of the relaxation rates of each compartment –

independent of the exchange rate, assuming a monoexponential
signal recovery (17). This occurs as long as the sum of the exchange
rates (κel + κle) is much higher than the difference between the
compartmental relaxation rates (the relaxographic ‘shutter speed’)
(17,18):

κel þ κle >> R1l � R1ej j (4)

However, if the exchange rate takes on a much smaller value
than the difference between the compartmental relaxation rates,

κel þ κle << R1l � R1ej j (5)

the system turns from a fast-exchange to a slow-exchange state
(17). In the case of slow exchange, distinct compartmental relax-
ation times exist, which are dependent on exchange. Liposome-
encapsulated Gd represents such a slow-exchange state because
of the barrier the liposomal membrane imposes on diffusion,
causing the exchange rate of H2O to be slower than the T1 pro-
ton relaxation time. This hinders an even distribution of the T1 re-
laxation time across the entire voxel.

3.1.1. R1 effects

A dilution range of the Gd liposomes was imaged (Fig. 1). Higher
Gd concentrations did not automatically produce higher signal
intensities. Instead, all undiluted samples caused prominent
signal hypointensities, even on T1W images, except for 0.3 MS

Gd liposomes. With increasing dilution the SI rises steeply to a
certain maximum, followed by a slow decrease in SI. Visually, SI
is highest for a fivefold-diluted 0.3 MS liposome solution
(3.9mM Gd in suspension), as confirmed by the calculated SI
(see Fig. 6 later).

The ΔR1 relaxation rate was plotted against the voxel Gd con-
centration ([Gdv]) for each of the six formulations (Fig. 2). The R1
effects of the intraliposomal Gd concentration, the liposomal size
and the liposomal number will be discussed in detail next.

3.1.2. R1 effects: intraliposomal Gd concentration

At comparable liposomal sizes, 0.3M Gd liposomes possess a
higher r1 relaxivity than 0.6M Gd formulations, whereas the
latter possess higher r1 than 1.0M Gd formulations. This inverted
relation might seem paradoxical at first glance. However, it can
be clarified by the H2O availability in proximity to Gd. As previ-
ously mentioned, liposome-encapsulated Gd represents a
slow-exchange state. Figure 2 indeed confirms that the r1 relaxivity
of allGd-liposomesuspensionsislowerthanthatofuncompartmentalized
Gd-DO3A-butrol. In a slow-exchange state the volume distribution of
H2O over the two compartments matters: more specifically, the
ratio of the liposomal (vl) and extraliposomal (ve) volume water frac-
tions, vl/ve (Eq. [3]). The higher r1 relaxivity of 0.3M Gd liposomes is
attributable to a larger liposomal water volume fraction (vl), for
which, in turn, two reasonsmay bementioned. First, comparedwith
suspensions with higher intraliposomal [Gd] ([Gdl]), a suspension of
Gd liposomes with a lower [Gdl] contains fewer Gd molecules per
single liposome and thus more liposomes at equal [Gdv]. More lipo-
somes means an increase in vl and a decrease in ve, increasing vl/ve.
For example, there are theoretically 3.33 times more liposomes in a
suspension of 0.3M than in a suspension of 1.0M Gd liposomes.
Second, 0.3M Gd liposomes are created from 1.0M Gd-DO3A-
butrol (containing 69 vol.% H2O, information acquired through per-
sonal communication with Bayer Schering) diluted with HEPES
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buffer, which contains a higher volume percentage of H2O (82 vol.%
H2O), additionally increasing vl by a factor of 1.13 (69%×0.3
+82%×0.7). This totals a net vl increase by a factor of 3.77
(=3.33×1.31). Thus 0.3M Gd liposomes clearly profit from an in-
creased number of intraliposomal water molecules in the vicinity
of Gd-molecules, contributing to the outer sphere effects. The vl/
ve ratio was calculated by measuring [Gd] in suspension by ICP
(from which we derived [Gdv]), using the following equations. Lipo-
somal Gd mass (MGd l) can be derived by the product of [Gdl] (in g
L�1) and the single liposomal volume (Vl):

MGdl ¼ Gdl½ �V l (6)

For 1.0M Gd-DO3A-butrol [Gd] is 157.25 g L�1 (as Gd has a
molar mass of 157.25 gmol�1). The number of liposomes (Nl) in
suspension follows by dividing the total Gd mass in the suspen-
sion (after liposomal lysis) (MGd tot) by the single liposomal Gd
mass (MGd l):

Nl ¼ MGdtot

MGdl
(7)

Given that the volume percentage of H2O in undiluted Gd-
DO3A-butrol is equal to 69% and the volume percentage of
H2O in HEPES buffer is equal to 82%, the sum of the
intraliposomal H2O volumes of all the liposomes together (VH2O

ltot )
can be calculated:

VH2O
ltot ¼ NlV l 0:69vGd þ 0:82 1� vGdð Þf g (8)

in which vGd represents the intraliposomal Gd-DO3A-butrol vol-
ume fraction (e.g. 0.6 for 0.6M Gd liposomes). The liposomal
H2O volume fraction (vl) can then be derived as follows:

vl ¼ VH2O
ltot

VH2O
ltot þ VH2O

bulk

¼ VH2O
ltot

VH2O
ltot þ V s � V ltotð Þ (9)

where VH2O
bulk is the total extraliposomal (bulk) volume, Vs is the

liposome suspension volume and Vltot the total liposomal vol-
ume (=NlVl). This being an equation of which all parameters are
known, vl was derived. As the total water volume fraction (ve + vl)
is equal to unity, vl was inputted in the following equation to cal-
culate the water volume fraction ratio of the two compartments:

vl
ve

¼ vl
1� vl

(10)

Plotting the water volume fraction ratio vl/ve as a function of
[Gdv] shows vl/ve indeed to be largest for the 0.3M Gd lipo-
somes, followed by 0.6M and 1.0M Gd liposomes, consecutively
(Fig. 3). The increased vl/ve ratio increases the water influx ex-
change rate (κel). With an unchanged efflux rate (κle), the sum
of exchange rates thus increases, resulting in enhanced T1 relax-
ation effects (Eq. (3)).
In addition, 0.3M Gd liposomes exhibit a relaxographic ‘shut-

ter speed’ |R1l� R1e| of 1260 s
�1, which is 3.33 times lower for

than 1.0M Gd liposomes. Thus the combined effect of the
decreased relaxographic ‘shutter speed’ |R1l� R1e| and increased
vl/ve ratio drive the 0.3M Gd liposomes towards a fast-exchange
state. The approximation of the rate constants is visible from
Fig. 4, where the rate constants are plotted as a function of
[Gdv]. The overall effect is an increased higher ‘net’ voxel r1
relaxivity for 0.3M than either 0.6M or 1.0M Gd liposomes.

3.1.3. R1 effects: voxel Gd concentration [Gdv] or liposome
number

The T1 mapping data (Fig. 2) show the ΔR1 relaxation rates for all
[Gdl] to increase with an increasing liposome number (i.e. a

Figure 2. Experiment 1. Line-chart depicting ΔR1 (A) and ΔR2 (B) relaxa-
tion rates as a function of voxel Gd concentration ([Gdv]) for a range of
Gd liposomes with three different intraliposomal [Gd] ([Gdl]), 1.0 M,
0.6 M and 0.3 M Gd. Data are presented as mean ± SD (n = 3 different
samples; SD refers to intersample SD).

Figure 3. Experiment 1. The ratio of the intraliposomal water volume
fraction (vl) and the extraliposomal bulk water fraction (ve) was plotted
against voxel Gd concentration ([Gdv]). The vl/ve ratio is largest for the
0.3 M Gd liposomes, followed by 0.6 M and 1.0 M Gd liposomes,
consecutively.
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higher voxel Gd concentration, [Gdv]), irrespective of the tested
range of [Gdl]). Again, as mentioned above, an increasing num-
ber of liposomes increases the ratio vl/ve, thereby increasing
the influx rate (κel) (Eq. [3]). As the liposomal Gd load [Gdl] re-
mains constant in a serial dilution, |R1l� R1e| remains constant
too; this propagates the system towards fast exchange, in agree-
ment with findings by other authors (18). Furthermore, the R1
curves bend off with increasing voxel [Gd] (Fig. 2), indicating
some kind of saturation. The cause for this could lie in the molar
ratio H2O/Gd, which dramatically decreases with increasing lipo-
some number (Fig. 5). In the voxel [Gd] range 0–46mM a 32-fold
decrease in the molar ratio H2O/Gd occurs, severely lowering the
chance of interaction. The maximal intraliposomal H2O water
volume fraction for all undiluted Gd-liposome formulations
(0.3–1.0M) is in the range of 0.1–0.25, so the majority of H2O
molecules are in the extraliposomal free space. This r1 relaxivity
saturation effect should therefore be dominant, especially for
the Gd liposomes that are nearest to the fast-exchange regime
(0.3M), as the extraliposomal bulk H2O really matters in that case
because of faster exchange rates.

3.1.4. R1 effects: liposomal size

Smaller liposomes consistently exhibited a higher r1 relaxivity
than their larger counterparts (Fig. 2). The explanation for this
is straightforward. As a result of the larger surface to volume

ratio, smaller liposomes have a higher efflux rate (κle) (Eq. [2]).
This augments the sums of exchange rates, contributing to faster
exchange.

3.1.5. R2 effects

In many studies on compartmentalized Gd contrast agents to
date, the effect on R2 relaxation rate was not considered. How-
ever, Gd-based contrast agents have a biphasic effect on SI de-
pendent on the concentration and can introduce a T2 effect
(severe signal loss) at high concentrations, even on T1-weighted
pulse sequences.

In our study for all Gd liposomes, r2 relaxivity was higher than
for free Gd. This is explained by the more heterogeneous distribu-
tion of liposomal encapsulated Gd atoms across the voxel, in-
creasing the local magnetic susceptibility differences, which in
turn lead to intravoxel dephasing. Furthermore, R2 relaxation
rates increased according to the liposomal Gd load [Gdl]; i.e.,
the higher the intraliposomal Gd load the higher the r2 relaxivity
(i.e. the slope of a linear curve fit through the ΔR2 data points)
(Fig. 2). This can be explained by the lower number of liposomes
in suspensions with high [Gdl], causing more heterogeneity (see
Table 1, 1.0 ML have the lowest [liposomes], 2.21 × 1010). For
similar [Gdl], the r2 relaxivity was higher for larger liposomes, pre-
sumably owing to the lower number of larger liposomes per voxel
at similar [Gdv], resulting in a more heterogeneous distribution of
spin moments across the voxel. These findings are important, as
the SI or perceived final contrast is dictated by both R1 and R2
effects. In addition, being aware of the intravoxel dephasing effect
allows us to choose the optimal MRI sequence, according to
the desired outcome. SE sequences can reverse this effect by a
180 degree inversion pulse; a gradient-echo sequence cannot.

3.1.6. Combined R1 and R2 effects: SI

Differences in concentration of compartmentalized Gd can
generate contrast effects across the entire range from hypo- to
hyperintensity (Fig. 1). Considering this versatility of Gd lipo-
somes, it is essential to be informed about the dose response
of the SI. Having shown that compartmentalization affects T1 as
well as T2 relaxation times, both parameters need to be taken
into account. SI for an SE sequence is described by (19)

SI ¼ Mz 1� e�TR=T1
� �

e�TE=T2 (11)

A simulated dose response curve of the tested Gd liposomes
in a typical SE sequence (TR 500, TE 10ms) was generated for

Figure 4. Experiment 1. Rate constants (s�1) of Gd liposomes with an intraliposomal [Gdl] of 1.0 M, 0.6 M and 0.3M as a function of the voxel [Gd],
[Gdv]. Undashed lines ( ̶̶ ̶̶ ) represent the relaxographic ‘shutter speed’ |R1l� R1e|, which is the same for small and large liposomes with the same
[Gdl]. The sum of exchange rates (κle + κel) of small liposomes is drawn with dotted lines (· · ··), whereas κle + κel for large liposomes is drawn with dashed
lines (----). Note the approximation of the rate constants with decreasing intraliposomal [Gdl]. The approximation of the rate constant |R1l� R1e| and the
sum of exchange rates (κle + κel) is maximal for 0.3M Gd liposomes.

Figure 5. Experiment 1. The molar ratio H2O/Gd of an arbitrary Gd-
liposome suspension is calculated and plotted as a function of the voxel
Gd concentration ([Gdv]). The molar ratio H2O/Gd decreases exponen-
tially with an increasing [Gdv], which may account for the lower interac-
tion chance of H2O with Gd atoms, and contribute to the ‘R1 saturation’
occurring with increasing [Gdv] (see Fig. 2).

MRI SIGNAL QUENCHING OF GADOLINIUM IN A COMPARTMENTALIZED STATE

Contrast Media Mol. Imaging 2016, 11 106–114 Copyright © 2015 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi

111



all Gd liposomes (Fig. 6). Initially T1 relaxation dominates, but as
the CA concentration becomes sufficiently high T1 saturation as
well as counter-acting T2 relaxation becomes dominant, resulting
in signal loss at higher concentrations. There is significant SI
quenching for all Gd liposomes, compared with free Gd-DO3A-
butrol. Compared with free Gd-DO3A-butrol the curves for Gd
liposomes are shifted to the right, attaining their maximal SI at
higher voxel [Gd]. Of all liposomes, 0.3M small Gd liposomes
(91 nm) achieve the highest SI, closely followed by larger lipo-
somes (124 nm) with the same [Gdl]. As previously explained,
the R1 effects underlying this are a result of the combination of
the decreased relaxographic ‘shutter speed’ |R1l� R1e|, the
increased sum of exchange rates (κle + κel) (due to the increased
ratio vl/ve resulting from an increased liposome number) and
lower R2 effects because of lower field inhomogeneities.

Understanding these effects allows one to titrate the optimal
intraliposomal ([Gdl]) and voxel Gd concentration ([Gdv]) accord-
ing to the needs and desired application for a specific MRI
sequence.

3.2. Experiment 2: the effect of compartmentalization
state on signal quenching

To assess the effect of the extent of compartmentalization, five
different compartmentalization states of Gd were compared
in vitro: viable Gd-liposome-labeled MSCs, lysed (non-viable)
Gd-liposome-labeled MSCs, intact Gd liposomes, lysed Gd lipo-
somes and free Gd-DO3A-butrol. Taking into consideration the
high voxel [Gd] ([Gdv]) for stock liposomes, a large number of
cells was required (>10 × 107) to allow for intergroup compari-
sons to be made. The range of [Gdv] is therefore smaller than
for Experiment 1 (Fig. 7).

3.2.1. R1 effects

Gd compartmentalization in either a liposomal or a cellular–
liposomal form reduces r1 longitudinal relaxivity as compared

with free Gd-DO3A-butrol (Fig. 7). In parallel, the r1 relaxivity in
the lysed groups (lysed cells or lysed liposomes) was larger than
the r1 of the intact groups (intact cells or intact liposomes). The
main reason for this lies in the fact that after lysis of the cell
and/or liposome membrane an important barrier between bulk
H2O molecules and Gd is abrogated. The r1 relaxivity for the
lysed groups though still remains slightly lower than for free
Gd-DO3A-butrol. A presumable cause could be found in the fact
that the solution contains an additional amount of liposomal and
cellular debris, posing a remaining barrier for H2O molecules in
their diffusional pathways.

3.2.2. R2 effects

Compartmentalization of Gd, in both liposomes and cells, in-
creases the r2 relaxivity (Fig. 7), compared with free Gd-DO3A-
butrol. This is in accordance with the findings in Experiment 1.
Again, this can be explained by the heterogeneous distribution
of Gd across the voxel in compartmentalized form, increasing
the local magnetic susceptibility differences leading to intravoxel
dephasing. The r2 relaxivity for Gd liposomes in viable (intact)

Figure 7. Experiment 2. Line-chart depicting the effect of compartmen-
talization on ΔR1 (A) and ΔR2 (B) relaxation rate as a function of voxel
Gd concentration ([Gd< sub> v</sub>]) of several different Gd-
suspensions (1.0 M): viable Gd-liposome-labeled MSCs, non-viable
Gd-liposome-labeled MSCs, intact Gd liposomes, ruptured Gd liposomes
and free Gd-DO3A-butrol. Data are presented as mean ± SD (n = 3
different samples, SD refers to intersample SD).

Figure 6. Experiment 1. Simulated dose response of Gd liposomes with
varying intraliposomal Gd concentration. Typical SE sequence (TR 500, TE
10ms) as a function of the voxel Gd concentration, [Gdv]. Initially T1 relax-
ation dominates, but as the CA concentration becomes sufficiently high
T1 saturation as well as counter-acting T2 relaxation becomes dominant,
resulting in signal loss at higher concentrations. There is significant SI
quenching for all Gd liposomes throughout the entire concentration
range tested, compared with free Gd-DO3A-butrol. The highest SI of all
liposomes is achieved by 0.3 M small Gd liposomes (91 nm), closely
followed by larger liposomes (124 nm) with the same [Gdl].
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cells was larger than for intact liposomes. Presumably, the clus-
tering of Gd liposomes inside cells leads to a more heteroge-
neous suspension than a suspension containing mere Gd
liposomes, in which the liposomes can diffuse.

3.2.3. Combined R1 and R2 effects: SI

Similar to Experiment 1, a simulated dose-dependent SI curve of
the five compartmentalization groups of Gd liposomes was
generated for a typical SE sequence (TR 500, TE 10ms) (Fig. 8).
Naturally, free Gd-DO3A-butrol performs best with regard to
the maximum SI, closely followed by lysed Gd liposomes. Lysed
Gd liposomes outperform lysed Gd-liposome-labeled cells in SI,
obviously because of a slightly larger R1 effect. A lysed state per-
forms better in reaching a high SI (for both liposomes and cells)
than an intact state, because of the combination of an increased
R1 and a decreased R2 effect.
A limitation to take into account in this study is the fact that

the intraliposomally present Gd-DO3A-butrol causes hypertonic-
ity. This might have led to a [Gdl] that is smaller than the
assumed one, with consequent effects on the r1 relaxivity.
Although we were aware of this, liposomes were still suspended
in an isotonic suspension, to simulate the cell-labeling environ-
ment as best as possible. A hypertonic liposomal suspension
has no place in cell labeling for two reasons: first because the
hypertonicity would quickly progress to near-isotonicity, as a
small liposomal suspension volume would distribute over a
much larger cell culture volume; trying to overcome this by
rendering the cell culture volume hypertonic would be useless,
as it would induce cell shrinkage and cell death.
Furthermore, with regard to the Pdl value in Eq. [2], we used li-

posomes with 33% cholesterol in a mixture of DPPC:cholesterol:
DOTAP in the molar ratio 47:33:20, whereas the Pdl value taken
from the referred article was derived from POPC liposomes with
30% cholesterol. As cholesterol is the most important constitu-
ent of all three lipids in defining the liposomal permeability, we
think the setup is comparable. However, there is some uncer-
tainty with regard to this.

4. CONCLUSIONS

Internalization of Gd liposomes has proven to be an efficient way
to load cells with Gd (1,10,20). However, Gd can exhibit a
dynamic contrast behavior, eliciting a contrast effect anywhere
in the range from hypo- to hyperintensity. This can be used
advantageously as a qualitative measure of cell viability (11). As
Gd can induce quenching effects as a result of either compart-
mentalization, liposome size, intraliposomal Gd concentration
or R2 effects, we studied the relation between these parameters
and SI. Since the main effort in MRI-based cell tracking with Gd is
to augment the sensitivity (21), e.g. by achieving a high payload
of Gd per cell or a high r1 relaxivity of the Gd contrast agent
used, we directed special interest to the high Gd concentration
range (0.3–1.0M Gd). We show here that an increasing
intraliposomal Gd concentration (>0.3M Gd) has a deteriorating
effect on SI, due to both a reduced r1 and increased r2 relaxivity.
Internalization of the Gd chelates into liposomes creates an
intraliposomal compartment with large r1 but small volume
fraction and an extraliposomal compartment with large volume
fraction but small r1. The final voxel SI will thus be a combined
result of the influx and efflux H2O rates, the H2O volume fraction
ratio of the compartments and R2 effects. Compartmentalization
of Gd liposomes in cells further compromises the maximum
achievable SI.

Four main conclusions can be drawn.

(1) Suspensions of Gd liposomes with a lower intraliposomal [Gd]
benefit from a higher vl/ve ratio (liposomal /extraliposomal
H2O volume fraction), a lower relaxographic ‘shutter speed’ |
R1l� R1e| and a lower R2 effect, resulting in less signal
quenching. Less is more. However, even for the less concen-
trated 0.3M Gd liposomes, the water exchange rate across
the liposomal membrane is still not high enough to distribute
this high relaxivity over the entire voxel, resulting in signal
quenching compared with free Gd.

(2) Smaller liposomes gain higher r1 relaxivity and higher SI due
to the larger surface-to-volume ratio, resulting in a larger ef-
flux H2O rate (κle). Consequently, water exchange across the
liposomal membrane is more efficient, leading to a reduced
quenching effect.

(3) Concentrated liposome suspensions, i.e. those containing
high numbers of liposomes, are characterized by large R2 ef-
fects and reduced R1 effects, resulting in more signal
quenching.

(4) Compared with free Gd, compartmentalized Gd (in lipo-
somes or cells) suffers from a decreased R1 and increased
R2 effect, inducing signal loss and thus significantly con-
tributing to the quenching effect. Especially in cell labeling
studies where efforts are undertaken to augment Gd sensi-
tivity, this effect needs to be taken into account. On the
other hand, the versatility of contrast generation by encap-
sulated Gd can serve as a tool for read-out of functional
cell status, since viable and lysed cells generate different
contrasts (10).

Understanding the underlying principles that lead to the
observed results (i.e. the interplaybetween intra- andextraliposomal
water fractions, thedifferencebetween the intra- andextraliposomal
relaxation rates and the increased R2 effect as a result of compart-
mentalization) allows one to tailor the optimal liposomal Gd
concentration according to the desired goal.

Figure 8. Experiment 2. Simulated dose response of Gd liposomes in
various compartmentalization states. Typical SE sequence (TR 500, TE
10ms) as a function of the voxel Gd concentration, [Gd< sub> v</sub>].
Similar to Fig. 2, T2 relaxation results in signal loss at higher concentra-
tions. There is significant SI quenching for all compartmentalization
states, compared with free Gd-DO3A-butrol.
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