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Introduction

9F Magnetic Resonance Imaging ("°F MRI) is a promising
noninvasive and quantitative technique which is in experi-
F MRI is able to unambiguously loca-

mental clinical use.'” *°
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19F magnetic resonance imaging (:°F MRI) is an emerging technique for quantitative imaging in novel
therapies, such as cellular therapies and theranostic nanocarriers. Nanocarriers loaded with liquid perfl-
uorocarbon (PFC) typically have a (single) core—shell structure with PFC in the core due to the poor misci-
bility of PFC with organic and inorganic solvents. Paramagnetic relaxation enhancement acts only at a dis-
tance of a few angstroms. Thus, efficient modulation of the '°F signal is possible only with fluorophilic
PFC-soluble chelates. However, these chelates cannot interact with the surrounding environment and
they might result in image artifacts. Conversely, chelates bound to the nanoparticle shell typically have a
minimal effect on the '°F signal and a strong impact on the aqueous environment. We show that the
confinement of PFC in biodegradable polymeric nanoparticles (NPs) with a multicore structure enables
the modulation of longitudinal (T;) and transverse (T,) '°F relaxation, as well as proton (*H) signals, using
non-fluorophilic paramagnetic chelates. We compared multicore NPs versus a conventional single core
structure, where the PFC is encapsulated in the core(s) and the chelate in the surrounding polymeric
matrix. This modulated relaxation also makes multicore NPs sensitive to various acidic pH environments,
while preserving their stability. This effect was not observed with single core nanocapsules (NCs).
Importantly, paramagnetic chelates affected both T; and T, 19F relaxation in multicore NPs, but not in
single core NCs. Both relaxation times of the '°F nucleus were enhanced with an increasing concentration
of the paramagnetic chelate. Moreover, as the polymeric matrix remained water permeable, proton
enhancement additionally was observed in MRI.

lize and also quantify the imaging agent, without an endogen-
ous background, combined with anatomic proton
imaging."**" These features make '°F 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.>*®° The combination of liquid perfluoro-
carbons (PFCs) and paramagnetic chelates in nanocarriers can
provide multifunctional imaging probes. Paramagnetic che-
lates on the surface of nanocarriers can be used to sense the
biological environment of the probe.'®** Conversely, fluoro-
philic chelates that enhance the longitudinal '°F-relaxation
rate increase the sensitivity of "°F MR signals."*™*® However, it
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remains difficult to develop nano-systems in which the para-
magnetic chelate modulates both the longitudinal '°F-relax-
ation and the proton signal.

Paramagnetic Relaxation Enhancement (PRE) acts over very
short distances in a range of angstroms and decreases with the
radius r°, as described by the Solomon-Bloembergen-Morgan
equations.'®'*'®” Hence, the paramagnetic chelate and the
nucleus that should be modulated have to be very close to

This journal is © The Royal Society of Chemistry 2023
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each other, in the range of angstroms.'®'*'® However, liquid
PFC is both hydrophobic and lipophobic.”®?° As a result,
common nanosized '°F MRI imaging agents are emulsions or
single core capsules with a liquid PFC in the core that is stabil-
ized either by a surfactant, polymer or a silica shell.»»»*>2122
The core sizes are wusually at least several 10s of
nanometers.">*” As a result of the single core structure, cur-
rently, there are two strategies for the modification with para-
magnetic chelates: (1) either covalent attachment or encapsula-
tion of the hydrophilic or hydrophobic chelates in the organic
shell of the agent,">**** and (2) encapsulation of fluorophilic
chelates in the fluorous core.">**%°

When a paramagnetic chelate is encapsulated or covalently
bound to the shell, it typically affects only a small fraction of
F-nuclei that are close to the shell.>*** Thus, only modest
effects on '°F longitudinal relaxation rates can be
achieved;**** moreover, the signal can become inhomo-
geneous due to different relaxation rates of '°F nuclei, depend-
ing on their distance from the chelate.>® On the other hand,
this approach enables the modulation of protons in the sur-
rounding medium and detection of other ions."” Conversely,
the fluorophilic chelates are soluble in the fluorous core; thus,
the distance between '’F nuclei and paramagnetic ions
decreases, altering the longitudinal relaxation properties of '°F
nuclei."”®*?* Depending on the ion, this strategy can be used
to increase the imaging sensitivity of PFC-emulsions.'*"*
However, in such emulsions the paramagnetic nuclei are iso-
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lated from the aqueous environment, making simultaneous
modulation of the proton signal impossible.

Our group has introduced polymeric PFC-loaded NPs that
display a structure different from conventional single core
systems, namely the multicore structure (Fig. 1a).>®*” These
NPs 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-gly-
colic acid) (PLGA) (Fig. 1a and b).*® This structure is advan-
tageous for in vivo and clinical use, as it results in about
15-fold faster clearance of PFCE compared to the PFCE emul-
sions and it generates stable ultrasound.”®*>° Conversely,
emulsions and other single core systems can display organ
accumulation times up to several months.”®?° These NPs can
be produced at clinical grade and received approval for a clini-
cal trial.***°"** Thus, combining these systems with paramag-
netic probes could open up new opportunities in the develop-
ment of probes for combined imaging, biosensing and delivery
of therapeutics.

Here, we explored how the formation of a multicore struc-
ture and the resulting confinement of PFCE affect the PRE.
Therefore, we used lipophilic gadolinium (Gd) chelates which
were encapsulated in the polymer matrix of the multicore NPs.
We compared their relaxation properties with single core NCs.
The changes of "F-relaxation in core-shell systems were
minor, as expected. Conversely, in multicore nanoparticles, we
detected enhancement of both 7; and T, relaxation times,

N

(a) Schematic of nanoparticles used in this study. Left: single core NCs, middle: multicore PFCE-PLGA NPs. (b) Chemical structures of com-

ponents of NPs. Top row lipophilic chelates Gd_01 and Gd_02, and hydrophilic gadoteridol (Prohance). Bottom row: PFCE, PLGA and poly(vinyl
alcohol) (PVA). (c and d) Cryogenic scanning electron microscopy (cryoSEM) micrographs of NPs (c) and NCs (d). See also Fig. S1 and S27t for larger

images. Scale bar 1 pm.
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depending on the concentration of encapsulated gadolinium.
Furthermore, unlike conventional emulsions, the proton
signal could be modulated as well. A further interesting
feature shown by multicore NPs was their 7} and T, relaxation
variation when the NPs were solubilized in various acidic solu-
tions when compared to neutral pH. This variation was not
present in single core NCs. In conclusion, this approach can
be adopted for the development of dual *H/*°F MR imaging
agents co-loaded with PFC and paramagnetic compounds for
different applications, particularly biosensing and enhanced
relaxation probes.

Results and discussion

Lipophilic chelates can be efficiently encapsulated in both
multicore NPs and single core NCs

To investigate how structural properties affect the MR pro-
perties of NPs co-encapsulating Gd chelates and PFCE, we
compared multicore PFCE-PLGA NPs with single core NCs
(Fig. 1a). As gadolinium-agents we used two different hydro-
phobic Gd chelates that differ only in the length of a hydro-
phobic linker (Fig. 1b).>* These chelates are hydrophobic but
not fluorophilic, ensuring they remain within the hydrophobic
PLGA matrix.

Both multicore NPs and single core NCs can be produced
by a miniemulsion formulation approach,®® adjusting the con-
centration of the lipophilic Gd chelate in the PLGA matrix.
This approach varies between NCs and NPs, and this distinc-
tion has been thoroughly investigated in previous research.?®
Notably, the internal structure resulting from these distinct
approaches was extensively characterized and confirmed using
Small-Angle Neutron Scattering (SANS).

Various amounts of the lipophilic chelates, ranging from 0
to 2.4 mg Gd, were employed. Additionally, we included a
hydrophilic clinical contrast agent, gadoteridol (Fig. 1b), as a
control (Prohance; 140 mg Gd). Post-synthesis, repetitive cen-
trifugation purification steps were performed to remove any
free chelate.

Co-encapsulation of the Gd chelates did not impact the NP
size (Fig. 1c and d, Tables S1 and S2f). Cryogenic Scanning
Electron Microscopy (cryoSEM) images (Fig. 1c and d and
Fig. S1 and S27) revealed spherical NPs with relatively smooth
surfaces. Gadolinium-loaded multicore NPs displayed dia-
meters of around 200 nm and a monomodal size distribution
(PDI ~0.1), as determined by Dynamic Light Scattering (DLS,
Table S1t). Capsules were slightly smaller with diameters
ranging from 150 to 180 nm (Table S2t). Both size and PDI are
similar to a control without a Gd chelate, and the variation
between different samples is within a typical batch-to-batch
variation range.>®

When lipophilic chelates were used for the synthesis, the
concentration of encapsulated Gd increased in both multicore
and single core particles with the added amount of the
chelate, as shown by inductively coupled plasma-mass spec-
trometry (ICP-MS, Fig. 2a). The encapsulation of Gd_02, that
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Fig. 2 Characterization of multicore PFCE-PLGA-NPs and single core
PFCE-PLGA-NCs loaded with different Gd chelates (Gd_01, Gd_02 and
Prohance). (a) Gd-content versus mass (m) of Gd used for the prepa-
ration of NPs determined by ICP-MS. (b) PFCE-content determined by
19F NMR spectroscopy as a function of the Gd content and type of Gd
used. Multicore nanoparticles and single core NCs are indicated in the
graphs, respectively, as NP and NC.

has a longer hydrophobic chain, was slightly higher compared
to that of Gd_01. In contrast, the encapsulation of hydrophilic
gadoteridol was very low, despite using a nearly 50-fold higher
Gd-concentration than the lipophilic chelates (Tables S3 and
S47). PLGA, being a hydrophobic polymer, is well-suited for
encapsulating hydrophobic cargo like lipophilic chelates. In
contrast, hydrophilic compounds like gadoteridol tend to
remain in the aqueous phase during the miniemulsion
process. Thus, it is possible to adjust the concentration of
hydrophobic Gd chelates during the miniemulsion
formulation.

Different trends were observed in the encapsulation of
PFCE in multicore NPs and single-core NCs, as revealed by
quantitative '°F NMR spectroscopy (Fig. 2b; indicated as
NP_Gd_01, NP_Gd_02, NP_No Gd, and NP_Prohance). In mul-
ticore NPs, the PFCE content appeared to decrease with
increasing Gd(m) concentrations, while in NCs, it was even
higher compared to capsules without a Gd chelate. It is impor-
tant to note that the encapsulation of paramagnetic chelates
can have varying effects on the MR properties in both particle
types, including line broadening, which can affect quantifi-
cation (discussed further in the next section).

Finally, all NPs and NCs did not show any toxic effects, as
demonstrated by a standard viability assay using the same

This journal is © The Royal Society of Chemistry 2023
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dose as typically applied for labeling the cells for *°F MRI with
multicore NPs (MTT-assay with RAW macrophages,
Fig. $31).”7° The viability values were slightly higher com-
pared to that of a live cell control. This behavior might orig-
inate from an increased phagocytic activity of the cells in the
presence of NPs and was already observed with other cell types
using PFCE-PLGA-NPs without Gd chelates.® Hence, the
encapsulation of Gd chelates did not affect the toxicity of NPs.

Confinement of PFC in multicore NPs enables the modulation
of fluorine-19 and proton MR signals

After synthesizing Gd-loaded NPs and NCs, we assessed their
impact on '’F nucleus MR properties by measuring '°F
relaxation times using NMR spectroscopy. The relaxation times
without Gd chelates were consistent with prior studies.®> We
then examined the effects of Gd encapsulation on longitudinal
and transverse relaxation times (7 and T,), with the results
presented in Fig. 3 (refer to Tables S5-S87 for detailed data).
NMR measurements revealed that the internal structure of
NPs significantly influenced '°F nucleus relaxation properties.
In multicore NPs (Fig. 3a and b), longitudinal (7;) relaxation
times decreased by nearly 8-fold at the highest Gd-loading
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compared to Gd-free NPs. Additionally, transverse relaxation
(T») was notably affected, exhibiting approximately a 255-fold
decrease. In single core NCs (Fig. 3¢ and d), there was a
decrease in T, relaxation time, albeit much less pronounced,
approximately  2-fold, compared to multicore NPs.
Furthermore, the encapsulation of Gd chelates induced a
modest enhancement in T, relaxation time in the single core
capsules.

The stark decrease in transverse relaxation time observed in
multicore NPs could explain the differences in PFCE quantifi-
cation between multicore NPs and single core NCs. A shorter
T, leads to line broadening of the NMR signal (Fig. S4 and
S5t), making it challenging to accurately integrate broad peaks
within the baseline. As the concentration of encapsulated Gd
increases, T, relaxation time shortens further, broadening the
PFCE peak and causing a decrease in detected PFCE concen-
tration within multicore NPs. This effect did not occur in
single core NCs.

What is the reason behind the altered relaxation properties?
The effect of paramagnetic ions on the relaxation times of the
'9F nucleus depends on the distance between the ion and the
9F nucleus.'#**?** Previously, we reported the structural
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Fig. 3 °F MR relaxation properties of multicore NPs loaded with increased amount of paramagnetic Gd-chelates compared with single core NCs.
Longitudinal and transverse relaxation times of (a) Gd_01 and (b) Gd_02-loaded multicore NPs and (c) Gd_01 and (d) Gd_02-loaded single core NCs.
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characterization of Gd chelate-free and gadoteridol-loaded
multicore NPs and single core NCs by Small-Angle Neutron
Scattering (SANS).?° Note that the radii obtained with SANS are
typically smaller than the hydrodynamic sizes from DLS, as
reported previously.”® In multicore NPs, each PFCE core typi-
cally displays a radius of 9-12 nm and a shell thickness of
4 nm, with some batch-to-batch variation.”® The single core
capsules usually display a core radius of around 20 nm that is
surrounded by a shell of a similar thickness.>®

The distance between Gd and PFCE is shorter in multicore
NPs compared to that in NCs, if we assume that Gd chelates
are distributed homogenously within the PLGA matrix. Thus,
the farthest possible distance between a PFCE molecule that is
located in the center of the core and the Gd chelate in the
outer part of the shell is approximately 15 nm. The distance
between PFCE in the center or the core and the Gd 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 cap-
sules, the farthest distance is 40 nm and the distance between
PFCE in the center and the Gd 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 NPs.
However, PRE typically decreases with the distance 7°,1*1%17:10
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
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 Gd chelates to the surface of PFCE-loaded
silica capsules results in the enhancement of transverse relax-
ation time.***® These studies did not report the PRE of the
longitudinal relaxation time. Importantly, other groups did
not observe PRE of longitudinal relaxation in '°F upon the
incorporation of Gd in the surfactant layer of emulsions.'*?%%
Similarly, in this study we detected only a moderate effect on
the longitudinal relaxation times in the control single core
NCs, compared with multicore NPs. Thus, the formation of the
confining multicore structure affects the enhancement of the
longitudinal relaxation time. Typically, the diffusion speed of
confined liquids is reduced compared to bulk.>* However,
liquid PFCs display a very low intermolecular cohesiveness,*’
which may invert these effects. Additionally, the distance that
a PFCE molecule has to diffuse to relocate from the core center
to the shell becomes lower due to the formation of the confin-
ing multicore structure. As a result, the PRE of both longitudi-
nal and transverse relaxation times can be observed.

Furthermore, the concentration of Gd within the polymeric
matrix influences the PRE. Higher Gd concentrations result in
more Gd nuclei in the PLGA shell closer to the PFCE phase,
leading to further decreases in both longitudinal and trans-
verse relaxation times in multicore NPs.

Overall, our data show that the structural properties of NPs
affect the paramagnetic relaxation of the '°F nucleus. The PRE
effect enhances the PFC nano-emulsion imaging sensitivity
and reduces the imaging time. It also enables the development

18072 | Nanoscale, 2023, 15, 18068-18079
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of stimuli-responsive fluorinated nanoemulsions for on/off
switching in response to various stimuli. This switch is
achieved through the presence of paramagnetic metal ions,
which significantly decrease the T, relaxation time, leading to
line broadening effects and modulation of the '°F MR signal
for responsive imaging.

Finally, "H/*°F MRI demonstrated that the presence of para-
magnetic chelates affected both the fluorine (Fig. 4a) and
proton signals in multicore particles (Fig. 4b). As the concen-
tration of Gd increased, the '°F signal intensity decreased due
to the reduction in T, relaxation time (Fig. 4a and c).
Conversely, the proton signal increased with higher chelate
encapsulation (Fig. 4c). The signal-to-noise-ratio of the proton
signal increased from 17 to 49, when the Gd content increased
from 0 to 2.4 pg per mg NPs. In multicore particles, Gd is

B 19F SNR
= 1H SNR

400

300+

= 2004

100+

SNR (relative to PFCE (wt%))

0 0.70
Gd content [ug(Gd) mg(NP) "]

1.00 1.80 2.40

Fig. 4 (a) *°F and (b) *H MRI of multicore NPs that contain a different
amount of Gd chelates. The Gd content in pg per mg of NPs is indicated
under each sample. Water and NPs loaded only with PFCE were used as
controls. (c) The signal-to-noise ratio of *°F and 'H MRI signals for
different Gd contents. (See Table S97 for the signal-to-noise values).
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encapsulated within the PLGA matrix, which retains hydration
and permeability to water and small molecules.*® This prop-
erty allows for the modulation of the proton signal.

The encapsulation of paramagnetic chelates in multicore
NPs allows for the modulation of both T; and T, relaxation
times of the '°F nucleus, along with the proton signals from
the aqueous environment of the NPs. In emulsions, it is typi-
cally possible to efficiently modulate either the proton or the
fluorine relaxation, but not both simultaneously. When para-
magnetic chelates are attached to the shell, they primarily alter
'H relaxation, with a minor effect on the PRE of '°F nuclei in
the fluorous phase.*

In contrast, the fluorophilic chelates are dispersed in the
PFC phase, shortening the '°F relaxation times, but remain
inaccessible to water.'* Hence, only the PRE of the '°F-signal is
obtained. In contrast to emulsions, co-encapsulation of PFC
and Gd chelates in multicore NPs enables modulation of both
F and 'H signals. Here we used gadolinium(m) chelates,
which are known to cause a strong PRE of transverse relax-
ation. In future studies, these effects could be reduced by
using other paramagnetic ions, similarly as Ahrens’ group

reported for fluorophilic chelates.***®
a
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Acidic environment impacts the relaxation times in multicore
NPs but not in single core NCs

As '°F paramagnetic relaxation enhancement (PRE) has been
shown to be an efficient tool for the development of nano-
systems with an on/off switching mechanism based on specific
stimuli, we explored if multicore NPs can respond to a pH
variation.*®***14? Considering that the PRE-effect is concen-
tration dependent, the Gd content for both single core and
multicore NPs was kept constant for all measurements and
samples were analyzed in environments with varied pH.
Multicore NPs showed a more pronounced effect of pH
compared with single core capsules (Fig. 5). Indeed, in
addition to the negligible influence of Gd-loaded single core
NCs on T, at pH 7 when compared with the control NPs (Gd-
free NCs), there was no impact on T; and T, relaxation times
as a function of different pH used for both Gd_01 and Gd_02
(Fig. 5a; Tables S12 and S13t). While '°F relaxation properties
of NCs remained almost constant, in multicore NPs, the relax-
ation times varied (Fig. 5b) from neutral to the most acidic
environment. Thus, the transverse relaxation time increased
gradually from pH 7 to pH 2 approximately 15-fold (Tables S10

-91.6
Chemical shift (ppm)

-91.8 -920 -922

Fig. 5 19F MR relaxation properties in the acidic environment of multicore NPs encapsulated wtih Gd-chelates compared to single core capsules.
Longitudinal and transverse relaxation time of (a) Gd_02-loaded single core and (b) multicore NPs and related (c) °F spectral line profile of multicore NPs
under different pH environments, ¢ = 10 mg mL™%, 500 MHz. When both type of NPs are loaded with Gd_01, the effect is the same (Table S10+ for multi-
core nanoparticles loaded with Gd_01 and Table S12} for core-shell nanocapsules loaded with Gd_01, results not included in the graphs for clarity).

This journal is © The Royal Society of Chemistry 2023
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and S111) for both Gd_01 and Gd_02, indicating that the
acidic solution can penetrate more easily into the multicore
NP matrix as compared to single core NCs. This result is mani-
fested by the sharp increase in the '°F’s line-width as expected
with an increase in 7T, relaxation time (Fig. 5c¢). A minor
change was observed in the T; relaxation time of Gd_01 and
Gd_02 encapsulated multicore NPs. This is attributed to the
fact that Gd chelates are primarily '°F T, relaxation agents.*

Table 1 Transverse relaxation time of solvent protons and fluorine-19.
'H and °F transverse relaxation times at pH 7 and pH 3 of NPs not
encapsulated by Gd (NPs_ No Gd), NPs loaded with Gd (NPs_Gd) and
NPs without Gd but supplemented with GdCl; salt to mimic Gd linkage

'H T,(S) 19F Ty(S)

pH7 pH 3 pH?7 pH 3
D,0 (Deuterium oxide) 2.6 4.2 n/a n/a
NPs_No Gd 1.1 2.7 0.45 0.49
NPs_Gd 0.18 0.36 0.02 0.21
NPs_No Gd + GdCl; 012 0.36 0.12 0.50
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It is well known from the literature*® that in strongly acidic
solutions protons compete with Gd* to bind to a carboxylate
ligand, thus increasing the dissociation rate of Gd** com-
plexes. Therefore, it can be hypothesized that such a substan-
tial change in T, from pH variation is explained by the fact
that a low pH environment might trigger the release of Gd
from the chelate into the aqueous phase. Such release can be
problematic, as the primary reason for toxicity caused by Gd-
based contrast agents has been identified to be the dis-
sociation of Gd from the chelated complex in vivo.** As Gd**
ions have a comparable ionic radius to Ca**, they can interfere
with calcium-mediated signaling pathways, thus making them
exceedingly toxic.

To understand the mechanism of T, variation of multicore
NPs at different pH, we studied the transverse relaxation time
of the residual solvent protons and fluorine-19 at pH 7 and 3
(Table 1). Three different samples were analyzed: (i) multicore
NPs with no gadolinium (NPs_No Gd), (ii) NPs loaded with Gd
chelates (NPs_ Gd), and (iii) NPs without Gd but supplemented
with gadolinium chloride (NPs_ No Gd + GdCl;), used as a
positive control to mimic Gd leakage from the NPs. Proton T,
relaxation time emerged to be equal in both NPs loaded with

|
a |
NPs_ Gd_02_pH7 ‘
NPs_ Gd_02 pH3 ‘
NPs_ Gd_02_pH3_5 days after ‘
‘ \
|
| ‘\
It
| \\
|
| |
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm
b
NP_Gd_02 Diameter (nm) PDI
pH 7 198 0.05
pH 3 200 0.05
pH 7_ 5 days after 199 0.09
pH 3_ 5 days after 204 0.09

Fig. 6 (a) *H NMR spectrum of multicore NPs loaded with Gd_02 at pH 7 and 3, immediately after dispersing them in D,O (pH 7) and acidic solvent
(pH 3), and five days after, 700 MHz, ¢ = 10 mg mL™2. (b) The stability of the NPs is also demonstrated by the DLS values at pH 7 and 3. The stability
was also confirmed for the multicore NPs loaded with Gd_01. (Results not included for clarity, Fig. S77).
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Gd and the ones supplied with salt, indicating that the PLGA
matrix of the NPs, which additionally incorporates PVA,*® is
permeable to water or at least to water protons. The exchange
must be quite fast as the impact of the encapsulated Gd and
the one supplemented with GdCl; is negligible on T, relax-
ation time. However, it is very unlikely that Gds. is permeable
to the NPs as the '°F T, does not change notably in the pres-
ence of the added Gd-based salt. Only encapsulated Gd has an
enhanced impact (10-fold), which in turns further proves that
encapsulation additionally provides a clue that Gd** does not
dissociate under acidic conditions. If this was the case, then
one would expect that '°F transverse relaxation time of NPs
encapsulating Gd equals the one of NPs supplemented with
gadolinium salt. Additionally, it is interesting to note that the
9F T, value of NPs_ No Gd + GdCl; at pH 3 is really close to
that of NPs_No Gd than to NPs_ Gd demonstrating that in the
acidic environment Gd** is not released from the chelate.
These results suggest that the changes in the internal confor-
mational structure change of NPs leads to a change in T, relax-
ation time in the acidic environment.

A further possible mechanism which drives the variation of
T, values at different pH might be related to the stability of the
NPs: at low pH the ester bonds in the polymer backbone typi-
cally hydrolyze. However, it can be distinctly observed that fol-
lowing dispersion of NPs, there is no difference in the "H spec-
trum (Fig. 6a) between NPs in water (pH 7) compared to the
ones in acidic solution (pH 3), even after 5 days, suggesting
slow and negligible hydrolysis during this period. Moreover,
the stability of the NPs was also confirmed by DLS. Indeed,
size and PDI remain constant at neutral and acidic pH
(Fig. 6b).

These data might be explained by a morphology change
inducing an increase in T, relaxation time and signal intensity
in acidic medium. Hence, it has been previously shown that in
acidic pH PLGA particles have a different morphology than in
alkaline and neutral pH.*>* Both articles state that PLGA par-
ticles incubated in the acidic environment present fewer pores
on the surface and inside compared to those under neutral
pH. However, the particles at acidic pH keep having a smooth
surface for a long period of time with a minimal loss in mass
of PLGA particles. Therefore, we can hypothesize that this
evident morphology alteration might push the Gd chelates
farther from fluorine-19 atoms than the original morphology
and hence increase the '°F T, relaxation time.

The stability of the nanoprobe was also studied in terms of
T, values over time. For this purpose, the T; and T, variations
of the system at pH 3 were measured right after and 3 hours
after the solubilization (Fig. 7b). Fig. 7a shows the system
stability in terms of signal intensity.

When multicore NPs were dispersed in a basic environment
(pH 14), the PLGA was hydrolyzed and in the presence of Gd*",
it resulted in a complete line broadening of the '°F NMR reso-
nances (Fig. S6T). However, for NPs prepared without Gd**, the
high pH environment did not significantly impact the *°F line-
shape (Fig. S61), in agreement with our earlier results.*®
Similarly, the DLS analysis showed an increase in size from

This journal is © The Royal Society of Chemistry 2023
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-91.2 -91.4 -91.6 -91.8 -92.0 -92.2
chemical shift (ppm)
b
NPs_Gd ‘ BET, (s) BET,(s)
TO (right after) ‘ 0.76 0.21
T1 (3 h after) ‘ 0.77 0.25

Fig. 7 (a) 19F spectral line profile of multicore NPs at pH 3 in two time-
points and (b) related °F MR relaxation properties. Multicore NPs: ¢ =
10 mg mL™%, 500 MHz.

164 nm at pH 7 to 1300 nm at basic pH and in the PDI value
from 0.05 to 0.4. As reported previously, NPs degrade at alka-
line pH leading to the formation of agglomerates of the
remaining surfactant and PFCE.*’

Conclusion

A co-encapsulation of PFC and a paramagnetic chelate in NPs
can lead to probes suitable for high-sensitive '’F MRI or
sensing application. Yet, the modulation of both the *°F-signal
of PFC inside the NPs and the proton signal from the aqueous
environment of the probe remained not possible. We explored
the impact of the nanoparticle structure on paramagnetic
relaxation enhancement (PRE) and compared liquid PFC-
loaded PLGA nanoparticles with multicore and single-core
structures. Our findings highlight the crucial role of structural
properties in ’F MR relaxation. In single-core capsules, the
effect of the paramagnetic chelate was primarily observed as
an increase in T, relaxation time. Interestingly, multicore
nanoparticles exhibited decreases in both °F T; and T, relax-
ation time with increasing Gd chelate encapsulation, and they
also allowed for the modulation of the proton signal. This
approach holds promise for fine-tuning both '°F and 'H MR
characteristics in agents containing liquid PFC and paramag-
netic chelates, particularly for high-sensitivity probes and
environmentally responsive agents. Finally, we showed that the
multicore and single core structures of the NPs lead to
different '°F relaxation times under different pH conditions.
The '°F MR relaxation was not affected in single core NCs irre-
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spective of the pH. However, an increase in T, relaxation time
has been observed in multicore NPs at the most acidic pH ana-
lyzed despite maintaining the physiochemical stability and
integrity. In conclusion, multicore NPs can also be applied as
a pH probe for acidic environment detection.

Materials and methods
Materials

All chemicals were used as received: PLGA (Resomer 502H)
from Evonik Industries, Germany; dichloromethane (DCM)
from EMSURE, Merck Millipore, Darmstadt, Germany; polyvi-
nyl alcohol (PVA), deuterium oxide and trifluoroacetic acid
(TFA) were purchased from Sigma-Aldrich (St Louis, MO, USA);
perfluoro-15-crown-5 ether (PFCE) from Exfluor, Texas, United
States, and Prohance from Bracco, Amsterdam, The
Netherlands. Lipophilic gadolinium chelates were synthesized
as described previously.** 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 )
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 dichloro-
methane were prepared (¢ = 0.0166 mg pL~'). 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)
was 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 250, Missouri,
United States). The miniemulsion was sonicated in an ice-
water bath for 3 minutes at 40% amplitude. As PFCE is both
hydrophobic and lipophobic, the organic phase has to be con-
stantly premixed by pipetting during the addition to ensure
that the PFCE and PLGA phases are added simultaneously.
After sonication, DCM was evaporated overnight at room temp-
erature under stirring to achieve solidification of the particles.
The dispersions were transferred to 50 mL tubes and washed
four times by centrifugation at 16 000g (4 °C, 35 min) and
supernatant replacement. After the second washing step, the
samples were sonicated in an ultrasonic bath (sonication bath,
Diagenode Bioruptor, Seraign, Belgium) and the washing cycle
was repeated. After washing, the particles were resuspended in
water (5 mL), frozen with liquid nitrogen and freeze-dried. The
resulting powder was stored at —20 °C.

Synthesis of single core nanocapsules. For the synthesis of
NCs, sodium cholate (0.375 g) that was used as a surfactant in
the 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

18076 | Nanoscale, 2023, 15,18068-18079

View Article Online

Nanoscale

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 continu-
ous stirring at 4 °C for 4 days. After 4 days, the capsules were
washed 4 times with deionized water through centrifugation
(16 098¢, 35 minutes, 4 °C), resuspended in 5 mL of water,
frozen (liquid N,) and freeze-dried. The NCs in a powder form
were stored at —20 °C.

Inductively coupled plasma-mass-spectrometry (ICP-MS).
The Gd content was determined by ICP-MS using an X series I
with a quadrupole mass spectrometer. Samples were prepared
by adding 10 mg of the nanoparticles to 145 pL HNO; (1%)
and left overnight at room temperature in order to let the par-
ticles fully degrade. Afterwards, the samples were filled up to a
total volume of 10 mL prior to the measurement.

Dynamic light scattering (DLS). The particle size and the
polydispersity index (PDI) were measured by DLS on a Malvern
Zetasizer ZS nano instrument. The particles were dispersed in
ultrapure water at a concentration of 0.01 mg mL™".

F NMR experiments. They were performed either with a
Bruker Avance III HD 400 MHz nanobay spectrometer
equipped with a 5 mm BBFO + probe at 298 K (Gd** loading
relaxation experiments) or a JEOL ECZ-R 500 MHz spectro-
meter equipped with a RoyalHFX probe (pH effects on relax-
ation experiments).

Determination of PFCE content was done by quantitative *°F
NMR. The NPs and NCs were resuspended in 400 pL of D,O and
100 pL of 0.1 vol% trifluoroacetic acid (TFA) as an internal refer-
ence. The interscan delay d1 was set to 25 (5 x T}).

For relaxation time measurements approximately 5 mg of
particles were resuspended in D,0 and transferred to an NMR
tube. The '°F 90° pulse was calibrated prior to the measure-
ment. The same method was used for the pH effect experi-
ments except for the solvent which was a D,O solution of
hydrogen chloride with the desired pH. For the latter experi-
ment, the nanoparticles were resuspended prior to the
measurement and T, and T, measured as described below.

T, 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 T; was first estimated using a simple
1D sequence and then a full pseudo-2D acquisition was
acquired with a list of delays with an interscan delay set to 5 x
Ty, the slowest. The recovery was fit to an exponential growth
function which revealed the T;. The '°F T; experiments were
performed without "H decoupling.

This journal is © The Royal Society of Chemistry 2023
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T, 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 T,-relaxing nuclei (T, < 30 ms), a tau
of 0.5 ms was used. For other, slower T,-relaxing nuclei, a tau
of 1.2 ms was used. T, 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 Ty, the
slowest. The recovery was fit to a mono-exponential decay func-
tion which revealed the T5.

The same setting was used to measure T; and T, relaxation
times in an acidic environment. In this regard, roughly 5 mg
of nanoparticles from the same sample were resuspended in
500 pL of several acidic solutions with pH 2, 3, 5.5 and 7. Gd-
free PFCE nanoparticles were used as a control. T; and T,
measurements were performed right after the resuspension.

Cryogenic scanning electron microscopy (CryoSEM). The
images were obtained with a JEOL 6300F field emission scan-
ning electron microscope. The samples (8 pL, 10 mg mL ™)
were pipetted in 2 rivets that are placed together. Then the
sample was frozen in liquid nitrogen slush and with a cryo
transfer device placed in an Oxford Alto 2500 cryo-station.
There the top rivet was broken and the sample was heated to
—95 °C for 5 minutes. Then a coating of 60/40 Au/Pd was done
and the sample was transferred to the cryoSEM.

'H and '°F magnetic resonance imaging. The imaging was
carried out on a Bruker Biospec 11.7 T. The samples had Gd
contents of 0, 0.7, 0.9, 1.8 and 2.5 pg mg~". The concentration
of nanoparticles was 10 mg mL ™", which is also often used for
in vivo imaging. "H MRI was acquired with the T;-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. '°F MRI was performed in a 3D RARE sequence with
the following parameters: TR 1 s, TE 6.5 ms, turbo factor 8,
averages, matrix 32 X 32x12, FOV 32 x 32x24 mm, scan time
6:20 min.

Cell labelling and viability. A murine macrophage cell line
(RAW cells) was cultured in RPMI medium (Gibco, Merelbeke,
Belgium) enriched with 1% antimycotic-antibiotic (AA) (Gibco,
Merelbeke, Belgium) + 10% foetal bovine serum (FBS). Cells
were incubated at 37 °C for 24 hours, with nanoparticles at the
concentration of 2 mg/1.0 x 10° cells. To investigate the influ-
ence of labelling on cell viability, an MTT assay was per-
formed. For this purpose, the excess of label was removed, and
cells were gently washed and resuspended in 100 pL of PBS.
For the negative control, 100 pL of DMSO was added to cells
instead of PBS and all the samples were placed in a 96-well
plate. Next, 60 pL of complete medium and 10 pL of thiazolyl
blue tetrazolium bromide (MTT) solution (4 mg MTT in 1 mL
sterile water) (Sigma-Aldrich, Missouri, USA) was added to
each well, followed by 1-hour incubation at 37 °C. After incu-
bation, the plate was centrifuged for 2 minutes and 100 pL
lysis buffer (9 mL isopropanol, 12.5 pL SDS, 200 pL of 2 N
HCL, and 787.5 pL of deionized water) was added per well and
the plates were incubated for 15 minutes in the dark at RT.

This journal is © The Royal Society of Chemistry 2023
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The absorbance was then measured using an iMarkTM micro-
plate absorbance reader (Bio-rad, California, USA) at 590 nm.
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