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Abstract
19F

magnetic resonance imaging (19F MRI) is an emerging technique for quantitative imaging

of novel therapies, such as cellular therapies and theranostic nanocarriers. A modification of
perfluorocarbon (PFC)-loaded, nanocarrier-based 19F MRI probes with paramagnetic chelates can
enhance probe’s functionality. Liquid PFC-loaded nanocarriers typically have a core-shell
structure with PFC in the core due to the poor miscibility of PFC. However, paramagnetic
relaxation enhancement acts only at a distance of a few angstroms. Thus, efficient modulation of
19F

signal is possible only with fluorophilic PFC-soluble chelates. Such chelates, however, cannot

interact with the surroundings of nanocarriers. Conversely, chelates on the surface typically affect
only the aqueous environment but not the 19F signal.
1

We show that the confinement of PFC in biodegradable polymeric nanoparticles with fractal
structure enables modulation of longitudinal and transverse 19F relaxation, as well as proton signal,
using non-fluorophilic paramagnetic chelates. We compared nanoparticles with fractal multicore
versus conventional core-shell structure, where the PFC is encapsulated in the core(s) and the
chelate in the surrounding polymeric matrix. Importantly, paramagnetic chelates affected both
longitudinal and transverse

19F

relaxation in fractal multicore nanoparticles, but not in core-shell

nanocapsules. Both relaxation rates of 19F nucleus increased with an increasing concentration of
the paramagnetic chelate. Moreover, as the polymeric matrix remained water-permeable, proton
enhancement additionally was observed in MRI. In the future, the effects of fractal confinement
could be combined with more effective paramagnetic chelates to develop multifunctional imaging
probes, for example, for high-sensitivity 19F MRI combined with sensing.
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19F

Magnetic Resonance Imaging (19F MRI) is an emerging technique which is in experimental

clinical use.1-3

19F

MRI is able to unambiguously localize, and also quantify the imaging agent,

without endogenous background, combined with anatomic proton imaging.1, 2, 4, 5 These features
make

19F

MRI very powerful in a broad range of applications, particularly in tracking of cellular

therapies or therapeutic nanocarriers, and for the design of activatable probes.2, 3, 6-9 Combination
of liquid perfluorocarbons (PFC), and paramagnetic chelates in nanocarriers can lead to
multifunctional imaging probes. Paramagnetic chelates on the surface of nanocarriers can be used
to sense the biological environment of the probe.10-12 Conversely, fluorophilic chelates that
enhance the longitudinal 19F-relaxation rate increase the sensitivity of 19F MR signal.13-16 However,
it remains difficult to develop nanosystems in which the paramagnetic chelate modulates both the
longitudinal 19F-relaxation and the proton signal. Here, we studied the effects of internal structure
2

of polymeric nanoparticles on Paramagnetic Relaxation Enhancement (PRE), and showed that a
confining fractal structure can be used for design of imaging agents with PRE of both 19F-nucleus
and proton.
PRE acts over very short distances in a range of angstroms, and decreases with the radius r6,
as described by the Solomon-Bloembergen-Morgan equations.10, 14, 16, 17 Hence, the paramagnetic
chelate and the nucleus that should be modulated have to be very close to each other, in the
range of angstroms.10, 14, 16 However, liquid PFC are both hydrophobic and lipophobic.18-20 As a
result, common nanosized

19F

MRI imaging agents, are emulsions or core-shell capsules with a

liquid PFC in the core that are stabilized either by a surfactant, polymer or silica shell.1, 2, 4, 5, 21, 22
The core sizes are usually at least several 10’s of nanometers.1, 2, 4, 5 As a result of the core-shell
structure, currently, there are two strategies for the modification with paramagnetic chelates: (1)
covalent attachment or encapsulation of the hydrophilic or hydrophobic chelates in the organic
shell of the agent,12, 23, 24 and (2) encapsulation of fluorophilic chelates in the fluorous core.13-15, 25
When a paramagnetic chelate is encapsulated or covalently bound to the shell, it typically
affects only a small fraction of 19F-nuclei that are close to the shell.23, 24 Thus, only modest effects
on

19F

longitudinal relaxation rates can be achieved;23,

inhomogeneous due to different relaxation rates of

19F

24

moreover, the signal can become

nuclei, depending on their distance of the

chelate.25 In spite of the low effect on 19F-nucleus, this approach enables the modulation of protons
in the surrounding medium and detection of other ions, making such probes promising for
biosensing.12 Conversely, the fluorophilic chelates, as first introduced by the Ahrens-group, are
soluble in the fluorous core of the imaging agents.13-15, 25 As a result the distance between

19F

nuclei and paramagnetic ions decreases, altering the longitudinal relaxation properties of

19F

nuclei. Depending on the ion, this strategy can be used to increase the imaging sensitivity of the
PFC-emulsions.13, 14 However, in such emulsions the paramagnetic nuclei are isolated from the
aqueous environment, making simultaneous modulation of the proton signal impossible.
3

Our group has introduced polymeric PFC-loaded nanoparticles that display a structure different
from conventional core-shell systems, namely the fractal multicore structure (Figure 1a).26,

27

These nanoparticles contain multiple small cores of perfluoro-15-crown-5 ether (PFCE) with a
radius of 10-12 nm that are encapsulated in a matrix of biocompatible and biodegradable
poly(lactic-co-glycolic acid) (PLGA) (Figure 1a, b).26 This structure is advantageous for in vivo and
clinical use, as it results in about 15-fold faster clearance of PFCE compared to the PFCE
emulsions.28-30 Conversely emulsions and other core-shell systems can display organ
accumulation times up to several months.28, 29 Moreover, the use of a biocompatible PLGA allows
for the encapsulation of compounds for multimodal imaging and therapy.26,

30-33

These

nanoparticles can be produces at clinical grade and received approval for a clinical trial. Thus,
combining these systems with paramagnetic probes could open up new opportunities in the
development of probes for combined imaging, biosensing and delivery of therapeutics.
Here, we explored how the formation of fractal multicore structure and the resulting
nanoconfinement of PFCE affects the PRE. Therefore, we used lipophilic gadolinium chelates
which were encapsulated in the polymer matrix of the fractal nanoparticles. We compared their
relaxation properties with core-shell nanocapsules. The changes of

19F-relaxation

in core-shell

systems were minor, as expected. Conversely, in multicore nanoparticles, we detected
enhancement of both longitudinal and transverse relaxation rates, depending on the concentration
of encapsulated gadolinium. Furthermore, differently from conventional emulsions, the proton
signal could be modulated as well. Overall, we demonstrate that the structural properties of the
nanoparticles, and the resulting confinement effects can alter the MR properties. Thus, this
approach can be adapted for the development of dual 1H/19F MR imaging agents co-loaded with
PFC and paramagnetic compounds for different applications, particularly biosensing and
enhanced relaxation probes.

4

Results and discussion
Lipophilic chelates can be efficiently encapsulated in both fractal multicore
nanoparticles and core-shell nanocapsules.
To study the effects of the structural properties on the MR properties of nanoparticles that coencapsulate gadolinium chelates and PFCE, we compared the behavior of fractal multicore PFCEPLGA nanoparticles with core-shell nanocapsules (Figure 1a). As gadolinium-agents we used two
different hydrophobic gadolinium chelates that differ only in the length of a hydrophobic linker
(Figure 1).34 The chelates are hydrophobic, but not fluorophilic, and therefore should remain in the
hydrophobic PLGA matrix.
Both fractal multicore nanoparticles and core-shell nanocapsules can be produced in a
miniemulsion formulation approach,26 adjusting the concentration of the lipophilic gadolinium
chelate in the PLGA matrix. Here, we used different amounts of both lipophilic chelates, between
0 and 2.4 mg Gd. A hydrophilic clinical contrast agent, gadoteridol, was used as an additional
control (Prohance; 140 mg Gd). After the synthesis, nanoparticles underwent an extensive
purification to remove any free chelate.
The co-encapsulation of the gadolinium chelates did not affect the size of the resulting
nanoparticles (Figure 1c,d, Tables S1 and S2). The cryogenic Scanning Electron Microscopy
(cryoSEM) images of nanoparticles and capsules are shown in Figure 1c,d. All gadolinium-loaded
multicore nanoparticles display the diameters around 200 nm and a monomodal size distribution
with polydispersity indices (PDI) close to 0.1, as shown by Dynamic Light Scattering (DLS, Table
S1). The capsules were slightly smaller and had diameters of 150-180 nm (Table S2). Both size
and PDI are similar to a control without gadolinium chelate, and the variation between different
samples is within a typical batch-to-batch variation range.26
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Figure 1. (a) Schematic of nanoparticles used in this study. Left: core-shell
nanocapsules, middle: fractal multicore PFCE-PLGA NPs. (b) Chemical structures of
Used SEMGd_01
MV047 and Gd_02, and
components of nanoparticles. Top row lipophilic chelates
MV051 (left)
hydrophilic gadoteridol (Prohance). Bottom row: PFCE, PLGA and poly(vinyl alcohol) (PVA)
that was used as a surfactant. (c, d) cryogenic Scanning Electron Micrograph (cryoSEM)
micrographs of nanoparticles (c) and nanocapsules (d). See also Figure S1 and S2 for
larger images. c = 10 mg mL-1 in water. Scale bar 1 µm.
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Figure 2. Characterization of PFCE-PLGA-NPs and core-shell PFCE-PLGA-capsules
loaded with different gadolinium chelates. (a, b) Gadolinium-content versus mass m of
gadolinium used for preparation of nanoparticles determined by ICP-MS: (a) fractal
multicore nanoparticles, (b) core-shell nanocapsules. When lipophilic gadolinium chelates
are used, gadolinium content in nanoparticles increases with increased amount of
gadolinium chelate added during the emulsification. In contrast, the encapsulation of
Prohance was lower with 0.10 µg!mg(NP)-1 in multicore nanoparticles and 0.11 µg!mg(NP)-1
in capsules despite that 140 mg Gd were used for encapsulation (not shown for clarity). (c,
d) PFCE-content determined by 19F NMR spectroscopy (trifluoroacetic acid as an internal
reference, D2O, 378 MHz). In multicore nanoparticles (c), the encapsulation of PFCE seem
to decrease with an increasing loading of gadolinium chelates. In contrast, the PFCE
content in nanocapsules (d) remains constant with an increasing Gd-content. See Table S3
and S4.
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The encapsulation of PFCE showed different trends in fractal multicore nanoparticles and coreshell nanocapsules, as shown by a quantitative

19F

NMR spectroscopy (Figure 2c, d). Thus, the

PFCE-content in multicore nanoparticles appears to decrease with increasing concentration of
Gd(III) (Figure 2c). This trend was not observed in nanocapsules. Here, the content was even
higher compared to capsules that did not contain gadolinium chelate. (Figure 2c, d). However, it
is important to note that the encapsulation of paramagnetic chelates can have different effects on
the MR properties in both types of particles. Specifically, the line broadening can influence the
quantification, as discussed in the next section in the context of the relaxation times.
Finally, all nanoparticles and nanocapsules did not show any toxic effects, as demonstrated by
a standard viability assay using the same dose as typically applied for labeling the cells for
MRI with multicore nanoparticles27,

30

19F

((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT)-assay RAW macrophages, Figure S3). The viability values were slightly higher
compared to a live cell control. This behavior might originate from an increased phagocytic activity
of the cells in presence of nanoparticles and was already observed with other cell types using
PFCE-PLGA-NPs without gadolinium chelates.30 Hence, the encapsulation of gadolinium chelates
did not affect the toxicity of nanoparticles, as was expected because Gd chelates are used in
clinical imaging.

Confinement of PFC in fractal multicore nanoparticles enables the modulation of
fluorine-19 and proton MR signal.
After the production and extensive characterization of gadolinium-loaded nanoparticles and
nanocapsules, our next step was to study if the encapsulation affected the MR properties of
nucleus. To compare the

19F

19F

relaxation in fractal multicore versus core-shell systems, we

measured the 19F relaxation times by NMR spectroscopy. The relaxation times without gadolinium
chelates were similar to earlier studies.35 The effects of the gadolinium encapsulation on the
8

longitudinal and transverse relaxation rates R1 and R2 (the inverse relaxation times are shown in
Figure 3 (see also Tables S5-S8).

Figure 3. 19F MR relaxation properties are different in fractal multicore nanoparticles
loaded with paramagnetic Gd-chelates compared with core-shell capsules. Longitudinal
relaxation rates R1 of multicore nanoparticles (a) and core-shell nanocapsules (b).
Transverse relaxation rates R2 of multicore nanoparticles (c) and core-shell nanocapsules
(d). Both longitudinal and transverse relaxation rate increased in multicore particles. In
core shell capsules the effects were lower due to longer distances between PFCE and
gadolinium chelates in both types of particles. Nanoparticles in deuterium oxide, 378 MHz.

9

The NMR measurements show that the internal structure of nanoparticles strongly affects the
relaxation properties of

19F

nucleus (Figure 3 and Tables S5-S8). In multicore nanoparticles, the

longitudinal relaxation rate increased almost 8-fold at the highest Gd-loading compared to Gd-free
nanoparticles. Moreover, the transverse relaxation was strongly affected and showed
approximately 255-fold increase. In the core-shell nanocapsules, the transverse relaxation rate R2
also increased. However, with only a 2-fold decrease this effect was much less pronounced
compared to multicore nanoparticles. Similarly, the encapsulation of gadolinium chelates showed
a small longitudinal relaxation R1 enhancement in the core-shell capsules.
The stark increase of the transverse relaxation rate in multicore nanoparticles can cause the
differences in the quantification of PFCE between fractal multicore nanoparticles and core-shell
nanocapsules (compare Figure 2c and d). A shorter transverse relaxation time T2 always leads to
line broadening of the NMR signal (see Figures S4 and S5). Consequently, it becomes difficult to
accurately integrate extraordinarily broad peaks due to the large volume within the baseline. The
higher the concentration of encapsulated gadolinium is, the faster the transverse relaxation rate
becomes, the broader the PFCE peak appears, and the lower the concentration of PFCE in
multicore nanoparticles is detected as a result. Correspondingly, the detected concentration of
PFCE was affected by the encapsulation of gadolinium chelates in nanoparticles, but not in the
core-shell nanocapsules.
What is the reason behind the altered relaxation properties? The effect of paramagnetic ions
on the relaxation times of

19F

nucleus depends on the distance between the ion and the

19F

nucleus.14, 23, 24 Previously, we reported the structural characterization of gadolinium chelate-free
and gadoteridol-loaded fractal multicore nanoparticles and core-shell nanocapsules by the SmallAngle Neutron Scattering (SANS).26 Note that the radii obtained with SANS are typically smaller
than the hydrodynamic sizes from the DLS, as reported previously.26 In multicore nanoparticles,
each PFCE core typically displays a radius of 9-12 nm and a shell thickness of 4 nm, with some
10

batch-to-batch variation.26 The core-shell capsules usually display a core radius of around 20 nm
that is surrounded a shell of a similar thickness.26
The distance between gadolinium and PFCE is shorter in fractal multicore nanoparticles
compared to nanocapsules, if we assume that gadolinium chelates are distributed homogenously
within the PLGA matrix. Thus, the farthest possible distance between PFCE molecule that is
located in the center of the core and the gadolinium chelate in outer part of the shell is
approximately 15 nm. The distance between PFCE in the center or the core and gadolinium
chelate in the inner part of the shell is 9-12 nm. This distance decreases the closer a PFCE
molecule is located to the shell. For the capsules, the farthest distance is 40 nm and the distance
between PFCE in the center and gadolinium molecule in the inner part of the shell is approximately
20 nm. Thus, this distance is almost twice as high compared to the distance in the multicore
nanoparticles. However, PRE typically decreases with the distance r6. 10, 14, 16, 17 Hence, shortening
the distance alone would not be sufficient to modulate the PFCE molecules located in the center
of the core. Thus, the diffusion of PFCE and its confinement in the fractal multicore structure
appear to affect the PRE.
Indeed, other reports also suggested that diffusion of PFCE can influence the PRE. Particularly,
several reports showed that conjugation of gadolinium chelates to the surface of PFCE-loaded
silica capsules results in the enhancement of transverse relaxation rate.36-38 The authors did not
report the PRE of the longitudinal relaxation rate. Importantly, other groups did not observe PRE
of longitudinal relaxation

19F

upon the incorporation gadolinium in the surfactant layer of

emulsions.12, 23, 24 Similarly, in this study we detected only moderate effects on PRE in the control
core-shell nanocapsules. Thus, the formation of confining fractal multicore structure appears to
further affect the PRE of the longitudinal relaxation rate. Typically, the diffusion speed of confined
liquids is reduced compared to bulk.39 However, liquid PFCs display a very low intermolecular
cohesiveness,40 which may countervail these effects. Additionally, the distance that a PFCE
11

molecule has to diffuse to relocate from the core center to the shell becomes lower due to the
formation the confining fractal structure. As a result, the PRE of both longitudinal and transverse
relaxation can be observed.
Lastly, the concentration of gadolinium affects the PRE. When the concentration of the
gadolinium chelate increases within the polymeric matrix, it automatically leads to an increased
number of gadolinium nuclei in the inner parts of the PLGA-shell that are closer to PFCE-phase.
Therefore, an additional increase of both longitudinal and transverse relaxation rates can be
observed in fractal multicore nanoparticles with increasing concentration of encapsulated
gadolinium chelate. Overall, our data shows that the structural properties of nanoparticles affect
the paramagnetic relaxation of 19F nucleus.
Finally, 1H/19F MRI shown that the encapsulation of paramagnetic chelates affected not only
the fluorine, but also the proton signal in fractal multicore particles (Figure 4a). Thus, the 19F signal
intensity decreased with increasing concentration of gadolinium, as expected due to the enhanced
transversal relaxation rate (Figure 4a, see Table S9 for the signal-to-noise values). In contrast,
the proton signal increased with increasing encapsulation of chelates. The signal-to-noise-ratio of
proton signal increased from 17 to 49, when the gadolinium content increased from 0 to 2.4 µg(Gd)
"!#$%&'()*+. In fractal multicore particles, gadolinium is encapsulated within the PLGA matrix. The
PLGA matrix is hydrated and remains permeable to water and other small molecules,26 enabling
to modulate the proton signal.
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Figure 4. 19F (a) and 1H (b) MRI of fractal multicore nanoparticles that contain a different
amount of gadolinium chelates. The gadolinium content in µg per mg of nanoparticles is
indicated under each sample; nanoparticles are dispersed in water at a concentration of 10
mg mL-1. Water and nanoparticles loaded only with PFCE were used as controls. The proton
signal is increasing and fluorine signal decreasing with an increasing Gd-content. Thus, it
is possible to alter the signal of both nuclei, with changes relevant for imaging, when using
fractal multicore PLGA nanoparticles for the encapsulation. 1H MRI acquired with T1weighted 2D fast low angle shot (FLASH) sequence and 19F MRI with 3D RARE sequence,
11.7 T.

Thus, the encapsulation of paramagnetic chelates in confining multicore nanoparticles enables
to modulate longitudinal and transverse relaxation rates of

19F-nucleus,

along with proton signal

from the aqueous environment of nanoparticles. In the emulsions, it is only to efficiently modulate
either the proton or the fluorine relaxation, but not both simultaneously. The 1H relaxation is
altered, when the paramagnetic chelate is attached to the shell. However, in this case, the PRE
19F

nuclei in the fluorous phase is minor.23 Conversely, the fluorophilic chelates are dispersed in

the PFC phase, shortening the 19F relaxation times, but remain inaccessible to water.14 Thus, only
13

the PRE of

19F-signal

is obtained. Differently to emulsions, co-encapsulation of PFC and

gadolinium chelates in fractal multicore nanoparticles enables to modulate both 19F and 1H signal.
Here we used gadolinium-(III) chelates, which are known to cause a strong PRE of transverse
relaxation. In the future studies these effects could be reduced by using other paramagnetic ions,
similarly as Ahrens’ group reported for fluorophilic chelates.13, 15 These findings can be used for
development of dual-responsivity probes in the future.

Conclusion
A co-encapsulation of PFC with paramagnetic chelates in nanoparticles for

19F

MRI can lead

to multifunctional imaging probes that show high potential to be applied in high-sensitive 19F MRI,
or in sensing applications. Yet, it remained not possible to modulate both the

19F-signal

of PFC

inside the nanoparticles and the proton signal from the aqueous environment of the probe. Here
we studied the influence on the internal structure of nanoparticles on the PRE and compared liquid
PFC-loaded PLGA nanoparticles with fractal multicore structure versus core-shell structure. In
both systems PFC forms the phase-separated core(s); hydrophobic gadolinium chelates are
loaded in the PLGA matrix. Our results show that the structural properties play an important role
for

19F

MR relaxation. The effects of the paramagnetic chelate on the longitudinal relaxation of

PFC were minor in core-shell nanoparticles. Only an increase of the transverse relaxation rate
could be detected. Interestingly, in fractal multicore nanoparticles both longitudinal and transverse
relaxation rates of

19F

nucleus increased with increasing concentration of paramagnetic chelate.

Moreover, the encapsulation of paramagnetic chelates in fractal nanoparticles enables to
modulate the signal not only of 19F nucleus but also of proton. In the future, the results of our study
can be applied to simultaneously tune the

19F

and 1H MR features of agents that contain a liquid

PFC and paramagnetic chelates, for example, in production of high-sensitivity probes that can

14

additionally enhance proton signal, in sensing applications and for design the on-/off-probes that
change their signal intensity upon degradation of nanomaterials.
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Materials and Methods
Materials
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All chemicals were used as received: PLGA (Resomer 502H) from Evonik Industries, Germany,
dichloromethane (DCM) (EMSURE, Merck Millipore, Darmstadt, Germany), Polyvinyl alcohol
(PVA), deuterium oxide and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA), perfluoro-15-crown-5 ether (PFCE) (Exfluor, Texas, United States), Prohance
(Bracco, Amsterdam, Netherlands). Lipophilic gadolinium chelates were synthesized as described
previously.34 Water was purified by a Synergy water purification system from Merck.
Methods
Synthesis of multicore nanoparticles. PVA (0.5 g) was dissolved in ultrapure water (25 g) under
magnetic stirring. PLGA (0.1 g) was dissolved in dichloromethane (3 mL) and mixed with PFCE
(0.9 mL) by pipetting it up and down with a glass pipette. In parallel, stock solutions of Gd-chelates
in dichloromethane were prepared (c = 0.0166 mg µL-1). Different amounts of these chelates were
added to the organic phase. For preparation of particles with gadoteridol, Prohance (1.78 mL,
corresponds to 497 mg gadoteridol and 140 mg Gd) were added to the organic phase and
sonicated for 15 s. Afterwards, the sonication of the aqueous surfactant solution was started, and
the organic phase was added rapidly with a glass pipette (microtip Branson digital Sonifier s250,
Missouri, United States). The miniemulsion was sonicated on an ice-water bath for 3 minutes at
40% amplitude. As PFCE is both hydrophobic and lipophobic the organic phase has to be
constantly premixed by pipetting during the addition to ensure that PFCE and PLGA phases are
added simultaneously. After sonication, DCM was evaporated overnight at room temperature
under stirring to achieve solidification of the particles. The dispersions were transferred to 50 mL
tubes and washed four times by centrifugation at 16000 g (4°C, 35 min) and supernatant
replacement. After the second washing step, the samples were sonicated in ultrasonic bath
(sonication bath, Diagenode Bioruptor, Seraign, Belgium) and the washing cycle was repeated.
After washing, particles were resuspended in water (5 mL), frozen with liquid nitrogen and freezedried. The resulting powder was stored at -20°C.
16

Synthesis of nanocapsules. For synthesis of nanocapsules sodium cholate (0.375 g) that was
used as a surfactant for sonication step was dissolved in water (24.625 g, 1.5 wt.-% solution).
PLGA (0.1 g) was dissolved in dichloromethane (2 mL) and mixed with PFCE (0.9 mL) by pipetting
it up and down with a glass pipette. Different amounts of these chelates were added to the organic
phase (corresponding to 1 mg, 5 mg and 10 mg of chelate). Some samples were prepared with
the addition of Prohance (1.78 mL). The organic phase was then added with a glass pipette to the
sodium cholate solution. As PFCE is both hydrophobic and lipophobic the organic phase had to
be premixed before sonication to ensure that PFCE and PLGA phases are added simultaneously.
The miniemulsion was sonicated in an ice bath for 3 minutes at 40% amplitude (microtip Branson
digital sonifier s250, Missouri, United States). After sonication, DCM was evaporated overnight at
room temperature under stirring to achieve solidification of the particles. To exchange the
surfactant, 10 g of PVA solution (1.96 wt.-%) was added to the suspension, followed by the
continuous stirring at 4 °C for 4 days. After 4 days, the capsules were washed 4 times with
deionized water through centrifugation (16098 g, 35 minutes, 4 °C), resuspended in 5 mL of water,
frozen (liquid N2) and freeze-dried. The nanocapsules in a powder form were stored at -20 °C.
Inductively coupled plasma-mass-spectrometry (ICP-MS) to measure Gd-content was
determined by ICP-MS X series I with quadrupole Mass Spectrometer. Samples were prepared
by adding 10 mg of the nanoparticles to 145 µL HNO3 (1 %) and left overnight at room temperature
in order to let the particles fully degrade. Afterwards, the samples were filled up to a total volume
of 10 mL prior the measurement.
Dynamic light scattering (DLS) to determine the particle size and the polydispersity index (PDI)
was done on Malvern Zetasizer ZS nano instrument. The particles were dispersed in ultrapure
water at a concentration of 0.01 mg mL-1.
19F

NMR was measured with Bruker Avance III 400 MHz spectrometer equipped with a 5 mm

BBFO+ probe at 298 K.
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Determination of PFCE content was done by quantitative

19F

NMR. The nanoparticles and

capsules were resuspended with 400 μL D2O and 100 μL 0.1 vol.-% trifluoroacetic acid (TFA) as
an internal reference. The interscan delay d1 was set to 5 x T1.
For relaxation time measurements approximately 5 mg of particles were resuspended in D2O
and transferred to an NMR tube. The 19F 90° pulse was calibrated prior the measurement.
T1 measurements were done using the inversion recovery method of a 180° pulse followed by
a variable delay period for transverse magnetization to relax longitudinally followed by a 90°
detection pulse. The T1 was first estimated using a simple 1D sequence and then a full pseudo2D acquisition was acquired with a list of delays with an interscan delay set to 5 x T1, slowest. The
recovery was fit to an exponential growth function which revealed the T1. The 19F T1 experiments
were performed without 1H decoupling.
T2 Measurements were performed using the CPMG method of a 90° pulse followed by a train
of tau-180-tau, where tau is a variable delay. For rapid T2-relaxing nuclei (T2 < 30 ms), a tau of 0.5
ms was used. For other, slower T2-relaxing nuclei, a tau of 1.2 ms was used. The T2 was first
estimated using a simple 1D sequence. Afterwards, a full pseudo-2D acquisition was acquired
with a list of refocusing pulse repetitions ranging from 2 to 1750 and an interscan delay set to 5 x
T1, slowest. The recovery was fit to a mono-exponential decay function which revealed the T2.
Cryogenic Scanning Electron Microscopy (CryoSEM) images were obtained with JEOL 6300F
Field Emission Scanning Electron Microscope. The samples (8 µL, 10 mg mL-1) were pipetted in
2 rivets that are placed together. Then the sample is frozen in liquid nitrogen slush and with a cryo
transfer device placed in a Oxford Alto 2500 cryo-station. There the top rivet is broken and the
sample is heated to -95 °C for 5 minutes. Then a coating of 60/40 Au/Pd is done and the sample
is transferred to the cryoSEM.
1H

and

19F

Magnetic Resonance Imaging was done at Brucker Biospec 11.7 T. The samples

with gadolinium content of 0, 0.7, 0.9, 1.8 and 2.5 µg mg-1. The concentration of nanoparticles was
18

10 mg mL-1, which is also often use for in vivo imaging. 1H MRI was acquired with T1-weighted 2D
fast low angle shot (FLASH) sequence: TR 104 ms, TE 2.25 ms, flip angle 40°, 2 averages, matrix
256 x 256, Field of View (FOV) 32 x 32 mm, 12 slices with a slice thickness of 1 mm, scan time
53 s.

19F

MRI was measured with a 3D RARE sequence with the following parameters: TR 1 s,

TE 6.5 ms, turbo factor 8, averages, matrix 32 x 32 x 12, FOV 32 x 32 x 24 mm, scan time 6:20
min..
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