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CONSPECTUS: Future medicine is primarily aiming at the development of novel approaches

FiC CF;  FiCCFy

for an early diagnosis of diseases and a personalized therapy for patients. For achieving these S
objectives, a key role is played by medical imaging. Among available noninvasive imaging o _
techniques, Fluorine-19 (F) Magnetic Resonance Imaging (MRI) is emerging as a powerful \"{s& 0 N Et%
quantitative detection modality for clinical use both for molecular imaging and for cell tracking. Vi 8o oo npe
The strength of using F_MRI is mainly related to the lack of endogenous organic fluorine in RP— tPfTIB-ft::fge:_MRI f\?@?
tissues, with no background, enabling the visualization of fluorinated tracers as hot-spot images, ...NPs ey m e e
adding secondary independent information to the anatomical features provided by the (‘ﬁ:;:;:f;z:;s’ AR .

grayscale "H-MRI. The main challenge for "’F-MRI clinical application is the intrinsic reduced %W o e o
sensitivity of MRI. To improve sensitivity, undoubtedly the use of a high field MRI scanner and ,% ‘*cxoéé?‘ *
cryogenic radiofrequency probes is advantageous, but there is a clear need of developing fr
increasingly effective fluorinated tracers. N Fp
The ideal tracer should bear as many as possible magnetically equivalent fluorine atoms and

show optimal magnetic resonance relaxivity properties (i.e., T; and T,), which enable reduced acquisition time with the possibility to
apply fast imaging methods. Moreover, it should be biocompatible with reduced tendency to bioaccumulate in tissues, which is one
of the main drawbacks in using perfluorocarbons (PFCs), together with their difficulty to be chemically modified with functional
groups. In fact, PFCs such as perfluorooctyl bromide (PFOB), perfluoro-15-crown-S-ether (PFCE), and linear perfluoropolyethers
(PFPE) are currently the most used tracers in 'F-MRI preclinical and clinical studies, with the above-mentioned limitations. In this
regard, molecules bearing short branched fluorinated chains gained a lot of attention for their high number of equivalent fluorines
and expected capability of reducing bioaccumulation concerns. A valuable building block for branched fluorinated tracers is
perfluoro-tert-butanol (PFTB), with nine magnetically equivalent fluorines and easy availability and modification.

In this Account we will discuss the main challenges that E_MRI has to overcome for increasing its clinical use, highlighting on one
hand the need of developing customized fluorinated materials for increasing sensitivity and enabling multimodal properties, and on
the other hand, the importance of the ultrastructure of the final formulation for the final biological response (i.e., clearance). In this
context, our group has been focusing on the synthesis and development of branched fluorinated tracers, for which the originator is a
molecule called PERFECTA (from suPERFluorinatEdContrasT Agent), bearing 36 equiv '°F atoms, which showed not only optimal
relaxometry properties but also a very specific and intense Raman signal. Thus, PERFECTA and its derivatives represent a new
family of multimodal tracers enabling multiscale analysis, from whole body imaging ('’F-MRI) to microscopic detection at the
cellular/tissue level (Raman microscopy). We believe that our proposed PFTB strategy can strongly promote the production of
increasingly effective '’F-MRI materials with additional functionalities, facilitating the clinical translation of this imaging modality.

Protein-NPs.

1. INTRODUCTION (Gd*")-based ones." Moreover, the urgent need to localize
complex molecular activities in vivo, as well as track and
quantify targets of biological interest (i.e., drugs, nanoparticles,
etc.), determined the fast development of heteronuclear

Magnetic Resonance Imaging (MRI) is an ideal technique in
biology and medicine, as it allows researchers to simulta-
neously visualize anatomical structures and obtain specific
molecular information, as well. Hydrogen ("H) nuclei in body
water are the best target for in vivo MRI because, among all Received: October 14, 2022
types of nuclei in the body, they provide the highest nuclear Revised:  December 16, 2022
MR signal and achieve good contrast between different tissues.

However, 'H-MRI sensitivity issues require the administration

of high concentrations of contrast agents (CA), possibly

causing toxicity concerns, as recently emerged for gadolinium
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Figure 1. Schematic representation of PERFECTA-based partially fluorinated macromolecules and derivatives and their possible applications.

fluorine, sodium, phosphorus, and other tracers and imaging
technologies.”

The "F nucleus with its 100% natural abundance, high
gyromagnetic ratio (40.06 MHz/T), wide range of chemical
shift (<350 ppm), and 83% sensitivity of 'H is considered one
of the most promising imaging nuclei. Thus, '’F-MRI emerged
as an extremely powerful quantification and tracking technique
providing complementary information to 'H-MRL® Due to the
lack of detectable endogenous fluorine in the human body
(only present as inorganic fluorine in bones and teeth),” 'F-
MRI does not suffer of any background signals (signals derive
only from the fluorine atoms contained in the used fluorinated
tracer), allowing for “hot-spot” images that add secondary
independent information (i.e., biodistribution) in addition to
the anatomical features provided by the anatomical/morpho-
logical "H-MRI. The absence of a proper background signal of
E-MRI is a strong feature that makes this technique suitable
for unbiased localization and tracking of fluorinated probes
over time, contrary to what is observed for other 'H-based
standard CAs. For example, superparamagnetic iron oxide
nanoparticles (SPIONSs) are characterized by poor specificity
due to the absence of MRI signal linearity with CA
concentration, thus preventing a quantitative and accurate

5,6
analysis.”

Since SPIONSs detection is unspecific, they can be confused
with the endogenous iron present in healthy and diseased
tissues (hemorrhage or necrosis). Moreover, their presence
could strongly alter MRI signals from protons ('H), thus
interfering with standard imaging analysis.

However, besides all the just discussed strengths, '*F-MRI
clinical application is still a challenge mainly due to the
reduced intrinsic sensitivity of MRI, stimulating the search of
increasingly effective fluorinated tracers. An ideal 'F-MRI
tracer should contain a high number of equivalent fluorine
atoms, with appropriate T and T), relaxation times, be scalable
and easy to formulate, and be chemically inert and non-
cytotoxic.7

Over the past three decades, many fluorinated materials have
been prepared and studied as molecular imaging and
therapeutic tracers. Since the late 90s, researchers started
considering perfluorocarbons (PFCs) (i.e., organic compounds
in which all hydrogen atoms are replaced with fluorine) for
E-MRI applications. Perfluorooctyl bromide (PFOB), per-
fluorononane (PFN), perfluorotributylamine (PFTBA), per-
fluoropropane (PFP), and perfluorodecalin (PFD) were first
proposed as '"F-MRI tracers. However, due to the high
amount of nonequivalent fluorine atoms, they give multiple
F-MRI signals with different chemical shifts resulting in
reduced local ’F concentrations and chemical shift imaging

https://doi.org/10.1021/accountsmr.2c00203
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Figure 2. Crystal structure of PERFECTA molecule with a representation of a nanoformulation to disperse it in an aqueous solution showing a
characteristic single intense '’F-NMR signal (a) and enhanced sensitivity in both in vitro and in vivo F-MRI (b). Reproduced with permission

from ref 12. Copyright 2014 American Chemical Society.
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Figure 3. Overview of nanoformulations of PERFECTA for in vivo use with their characteristic sizes and relaxation times. (a) PERFECTA loaded
NPs can be formulated with lipid-based (e.g., lecithin) and polymeric (poloxamer) systems. (b) Smaller micelles were obtained using a nonionic,
PEG-based, fluorinated surfactant. (c) PERFECTA NPs stabilized with the amphiphilic protein Hydrophobin (HFB-II). Such NPs are expected to
have reduced immunogenicity compared with PEG-based surfactants. (d) NPs with fractal structures were obtained using PLGA with poly(vinyl
alcohol) (PVA) as surfactant. Here, PERFECTA was coloaded into NPs with PFCE for tracking their degradation. Cryogenic transmission electron
microscopy (cryo-TEM) images of (e) @PERFECTA lecithin-stabilized NPs (scale bar 500 nm), (f) @PERFECTA PFTD-PEG micelles (scale bar
200 nm). Reproduced with permission from ref 22. Copyright 2021 The Royal Society of Chemistry. (g) @PERFECTA HFBII-FNPs (scale bar
100 nm). Reproduced with permission from ref 21. Copyright 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.
(h) @PERFECTA_PFCE fractal NPs (scale bar 1000 nm). Reproduced with permission from ref 23. Copyright 2020 The Authors. Published by

Elsevier Inc.

artifacts.>” For this reason, research moved toward the
development of PFCs with a chemical design affording
many-fold magnetically equivalent '’F atoms, such as
perfluoro-15-crown-S-ether (PFCE) used by Ahrens et al. in
2005 for tracking immunotherapeutic cells.” Linear perfluor-
opolyether (PFPE) mixtures with many “pseudo-equivalent”
F atoms were also proposed for '’F-MRL.’

Today, the standards used for preclinical and clinical studies
are PFOB, PFCE, and linear perfluoropolyether (PFPE)
mixtures.” However, despite their widespread use in '°F-
MR, they still suffer from several drawbacks. Given their
strong amphiphobic behavior, in fact, PFCs require for-
mulation processes to become suitable for administration as
water solutions. Moreover, the strong C—F bonds in PFCs
make them extremely stable. Thus, they tend to bioaccumulate

and are raising sustainability concerns. Finally, PFCs are
generally difficult to functionalize due to the lack of modifiable
groups.3’]O

In the search of novel F-MRI tracers with improved
physiochemical and biological properties, branched systems
gained a lot of attention due to the possibility of bearing an
elevated number of equivalent fluorine atoms, resulting in an
improved '"F-MRI sensitivity, as well as the reduced
bioaccumulation concerns. In 2007, Yu and Jiang first
identified and proposed perfluoro-tert-butanol (PFTB) as an
ideal building block for F-MRI tracers, thanks to its high
content of equivalent '°F atoms, together with easy availability
and functionalization.'”"" Later, in 2014, our group developed
a biocompatible PFTB-based superfluorinated tracer, called
PERFECTA, with 36 equiv fluorine atoms, which is nowadays
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considered one of the most effective F-MRI ones.
PERFECTA can easily be dispersed in physiological media
through formulation with biocompatible additives, and the
presence of ethereal bonds may hasten for enhanced
biodegradability.12 Moreover, PERFECTA’s scaffold can be
modified for producing partially fluorinated macromolecules
with different topologies and features'”'* (such as biodegrad-
able polyesters and dendrimers), increasing system function-
ality”> (such as nanoparticles and surfaces functionalization),
and producing novel derivatives with improved features such as
solubility and degradation (Figure 1).

In this Account, we will discuss the main challenges that
fluorinated tracers need to overcome for their translation to
clinic with a look at possible future perspectives in their
customized design, aiming at the development of multifunc-
tional materials for different still unexplored fields (i.e.,
multiscale, multicolor, and multimodal imaging). We envision
that our strategy based on PERFECTA can be used for
producing libraries of fluorinated molecules and colloidal
materials acting as efficient '’F-MRI and multimodal imaging
tracers. We wish this Account to be of inspiration for the
development of innovative and more effective '’F-MRI tracers,
pushing forward their clinical translation.

2. SUPERFLUORINATED TRACER (PERFECTA)

2.1. Synthesis, Formulation, and ">F-MRI Application

PERFECTA’s branched structure affords a high payload of
chemically equivalent '°F atoms (36/molecule) (Figure 2a),
which give a single, intense, and well-resolved YE.NMR signal
for en!}lflznced sensitivity without chemical shift artifacts (Figure
2a,b).”

Moreover, it is a crystalline solid compound obtained by an
easy and scalable synthesis procedure. Additionally, with its
four ether bonds, it may allow for molecular degradation in the
biological environment. In fact, multiple works demonstrated
that ether bonds can be metabolized by oxidative degrada-
tion'® in tert-butyl ether compounds.17 Therefore, we envision
that PERFECTA can potentially promote fast clearance,
overcoming bioaccumulation issues'® typical of many conven-
tional and commercial PFCs.'"® However, further studies are
currently in progress to confirm this hypothesis.

Due to its high fluorine content, despite not being
perfluorinated, PERFECTA’s fluorine atoms fully shield the
pentaerythritol core structure, making it highly hydrophobic.'*
Therefore, it is necessary to formulate it for biomedical use,
ensuring stability in the physiological milieu. Being solid at
room temperature, established liquid PFC formulation
procedures cannot be directly applied, thus requiring the
development of different approaches. To date, we developed
several types of colloidal formulations containing PERFECTA,
which display optimal relaxation times, T} and T, and confirm
its excellent suitability as '’F-MR tracer (Figure 3a—h).'>?%?!

The first explored route for dispersing PERFECTA in an
aqueous environment was through a phospholipid-stabilized
emulsion with lecithin and safflower oil.'> These emulsions
showed promising colloidal stability over S—7 weeks. Nonionic
surfactants were also used to form PERFECTA dispersions, as
we have shown with Pluronic F68 (polyethylene glycol-b-
polypropylene glycol-b-polyethylene glycol (PEG—PPG-
PEG).”® Both formulations yielded nanoparticles (NPs) of
about 200 nm with monomodal distribution (Figure 3a,e).
This size regime is typically used for ex vivo labeling of immune

cells and for in vivo monitoring of inflammation by tracking
mononuclear cell phagocytic activity.””" However, for other
applications such as in vivo guided therapy, in which NPs are
administrated iv. and need to localize in specific tissues,
smaller sizes are necessary to reduce undesired clearance from
the bloodstream. With this perspective, Jamgotchian et al.
obtained PERFECTA loaded micelles of about 25 nm using a
nonionic PEG-based surfactant bearing perfluorotridecanoate
as the fluorophilic moiety to maximize the interaction with
PERFECTA fluorinated chains (Figure 3b,f).”* PEG-based
surfactants typically display a stealth effect to ensure stability in
the physiological milieu and reduce formation of protein
corona, which is necessary to minimize undesired blood
clearance.”* However, it has been shown that PEG can lead to
antibody formation, thus accelerating blood clearance,”>*°
promoting researchers to explore PEG alternatives.”**”*"
Therefore, we explored a class of amphiphilic proteins,
hydrophobins, as possible nonimmunogenic stabilizers for
obtaining PERFECTA formulations with reduced sizes and
stealth properties (Figure 3c,g).”' Hydrophobin-II (HFBII)
displays a highly hydrophobic patch enabling, for example, the
formation of HFBII films on hydrophobic and fluorinated*”
switching surface.”” > This rationale was applied to disperse
PERFECTA in HFBII aqueous solutions resulting in the
formation of 50 nm PERFECTA solid NPs coated by a protein
shell. HFBII enhances the stability of PERFECTA NPs in
physiological media, reducing the adsorption of blood
coagulation and immune response proteins in human plasma,
which typically lead to unwanted blood clearance of injected
NPs.

If reticuloendothelial system (RES) sequestration of
PERFECTA loaded NPs from the bloodstream has to be
avoided or at least delayed, fast clearance from accumulation
organs should be guaranteed. In fact, bioaccumulation and
long retention times are one of the concerns for the use of
fluorinated tracers, as such a long accumulation prohibits
repeated injections of the tracer making it indistinguishable
from the first injection. In this regard, it was shown for another
PFC, perfluoro-15-crown-5 ether (PFCE), that encapsulation
in poly-lactic-co-glycolic acid (PLGA) NPs strongly accelerated
PFCE organ clearance.”” > A structural characterization of
such NPs showed a fractal structure, in which PFCE is
dispersed in the polymeric matrix forming several small
spheres, leading to a faster elimination from the organs
through formation of smaller PFCE droplets upon degrada-
tion.”” %> A faster clearance is beneficial for '’F-MRI when
repeated imaging sessions are needed, and required for clinical
approval. With respect to this, we have succeeded to develop
similar fractal PLGA NPs coloading PERFECTA with PFCE
(Figure 3d,h).”* Upon hydrolysis of these NPs, no segregation
of the fluorous phase was observed, suggesting that PFCE-
PERFECTA NPs break in smaller fractal domains, which
should accelerate organ clearance. Interestingly, MR properties
of the two tracers changed upon hydrolysis, suggesting that the
degradation of these coloaded NPs can be tracked in vivo by
MRL* Thus, this system can be used in the future as an
alternative approach to optical tracers® to detect degradation
of drug delivery systems.

According to these results, the PERFECTA half-life could be
further improved by exploiting the ultrastructure of polymeric
formulations. Importantly, these polymeric NPs show excellent
colloidal stability, high loading yields, and effective MRI
properties as a reduced T, compared to those obtained with
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Figure 4. In vitro studies performed on microglial cells using Pluronic F68-stabilized PERFECTA-NPs. Both (a) confocal microscopy analysis and
(b) F-MRI (B and J, 8000 cells; C, H, and G, 16000 cells; F and K, 32000 cells) on labeled cells highlighted optimal *°F labeling. (c) In vivo
multicolor ’F-MR acquisitions in control and mononuclear cell depleted mice at different days after interruption of the depletion diet and
administration of either PFCE (green) or PERFECTA (red). Reproduced with permission from ref 20. Copyright 2019 RSNA. (d) Optimization of
the imaging sequence used to efficiently image PERFECTA@PFTD-PEG micelles by F-MRI. (e) Description of the in vivo imaging study
performed in tumor-bearing mice after i.v. injection of PERFECTA loaded micelles; combined 'H and '?F-MRI images of diseased mice at specific
timing from micelles administration (T = tumor; L = liver; H = heart; R = reference tube). Reproduced with permission from ref 22. Copyright
2021 The Royal Society of Chemistry. Analysis of the Protein Corona performed on HFBII-PERFECTA NPs. (f) SDS-PAGE of HC isolated after
incubation of HFBII-NPs with10%, $5% human plasma (v/v). (g) Histograms comparing specific and common proteins identified in HCP10 and
HCPSS. Proteins were divided into seven categories, based on biological processes they are involved in. (h) '’F cellular uptake quantified using
both F-NMR and ""F-MRI (SNR) experiments for microglial cells labeled with HFBII-NPs for different incubation times. Reproduced with
permission from ref 21. Copyright 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH.

earlier PERFECTA formulations, resulting in efficient imaging enabling analysis at the cellular level. Fluorescent labeling
tracers.' > allows the determination of significant information at different
Tailoring composition, size, and surface modification detection scales with a high specificity. For example, by
allowed for the development of diverse PERFECTA NPs encapsulating PERFECTA with hydrophobic fluorescent
suitable to specific biomedical needs. For example, PERFEC- probes, it is possible to characterize PERFECTA loaded
TA emulsions were successfully applied for imaging dendritic cellular subsets that are mainly active and involved during the
cells (Figure 4ab) and studying inflammation progression in mononuclear cell regeneration after microglia depletion.”’
vivo by F-MRI (Figure 4c). PERFECTA loaded micelles More recently, we have proposed an alternative imaging
showed great ""F-MR sensitivity (Figure 4d) and were approach for PERFECTA detection, sensitive at cell/tissue
specifically accumulated in the tumor by passive targeting levels, without using additional fluorescent agents. In fact, the
after their intravenously injection (Figure 4e); accumulation in characteristic C—F Raman vibrational modes of PEREECTA

other organs, particularly in the liver, was also observed.
Despite the still outstanding in vivo biodistribution study,
present results in the biological milieu suggest that HFBII-
stabilized PERFECTA NPs could be used as '’F-MRI tracking
tracers in vivo (Figure 4f—h).

fall in a cell silent region and can be used as a specific
fingerprint of the molecule, enabling imaging by Raman
microscopy.”” PERFECTA can be used as multiscale imaging
tracer, being active in both YE-MRI, on a whole-body scale,
and Raman microscopy, on a tissue/cell scale (Figure Sa).

2.2. Dual-Modal Imaging While this specific Raman signature is shared by other standard
PERFECTA, as other '"F-MR sensitive tracers, is often F tracers including PFCE and PFOB, PERFECTA shows the
combined in the formulation with fluorescence imaging agents, highest sensitivity both in ’F-MRI and in Raman (Figure 5b).
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Figure S. (a) Representation of PERFECTA-based bimodal imaging strategy. In vivo experiments showed this bimodal approach provides
multiscale imaging from whole body to histological and subcellular size. (b) Raman spectra of PERFECTA-NPs compared to other fluorinated
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Chemical Society.

This enhanced efficiency is a consequence of the highest '°F
payload and symmetrical structure replicated over the four
arms of the molecule, enabling its clear detection in the
biological environment (Figure Sb,c). A unique multimodal
tracer permits reliable correlations and avoids costly and
laborious chemical strategies for the multicomponent nanop-
robe development. Furthermore, the proposed strategy helps
to overcome common drawbacks related to the coencapsula-
tion of fluorescent dyes with the '°F tracer such as dissociation
from the "’F NPs, and fluorescence quenching.

The bimodal ’F-MRI/Raman PERFECTA-based approach
can be extended to other fluorinated tracers and opens the way
to support several needs of the '’F-MRI tracers in biomedical
research and clinical application, for instance monitoring
progression of inflammation, tracking of therapeutic cells,
promoting early diagnosis, personalized medicine, and
precision surgery. Furthermore, considering that Raman
spectroscopy provides additional label-free details due to the
innate chemical fingerprint of the biological molecules, the
molecular composition of the tissue where the fluorinated
tracer is localized can also be assessed. This multimodality may
not only determine the tracer biodistribution (*’F-MRI) but
also provide unique information on the molecular composition
of the biological environment, distinguishing healthy tissues
from diseased regions (Raman microscopy). Importantly, all
these advantageous applications could be easily extended to
novel and more effective Raman labeling strategy, thanks to the
versatile molecular design of PERFECTA and production of
highly sensitive fluorinated derivatives."

3. MULTIBRANCHED PARTIALLY FLUORINATED
PERFECTA DERIVATIVES

As discussed in the above section, the hyperbranched structure
of PERFECTA, characterized by short, fluorinated chains
affording an elevated number of equivalent fluorine atoms,
makes it one of the most promising '’F-MRI tracers. At the
same time, in the path for ’F-MRI clinical translation, synergic
efforts should be oriented toward the development of novel
multifunctional fluorinated nanocomposites. Next generation
fluorinated materials for bioimaging should indeed be versatile,
with a broader solubility profile and able to integrate multiple
groups in the same molecule, offering other functions besides
YE-MRI (ie., tissue/ organ targeting, fast clearance, imaged
drug delivery). By reducing the number of perfluoro-tert-butyl
branches of PERFECTA, it is possible to synthesize synthons
with different degrees of fluorination and terminal groups. This
strategy paves the way for the functionalization of a variety of
molecules and systems (from small peptides and bioactive
agents to larger structures such as polymers, dendrimers, lipids,
and NPs) with the development of 'F-MRI sensitive
macromolecules and nanosystems with improved function-
alities. The strength of this approach relies on the possibility of
tuning the characteristics of the final material, playing both on
the degree of fluorination (by reducing the number of
PERFECTA fluorinated branches) and on the different types
of functional groups and substituents that can be linked to the
resulting PERFECT A-based tags, allowing for the development
of extremely versatile fluorinated compounds.

Currently, in the literature, the two main reported strategies
in this context are based either on the development of tri-
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PFTB functionalized pentaerythritol (F27) derivatives or on
simpler systems with a single PFTB group (F9). The choice of

carefully balanced in order to develop systems with potential
clinical translation.

the ideal strategy depends on the desired final properties of the
system: balance between hydrophobicity and hindrance of the
fluorinated part, the amount of equivalent fluorine atoms, and
their mobility in the final system. These characteristics, as
previously discussed, are all directly related to the sensitivity

and effectiveness of a F-MRI tracer and thus have to be

3.1. F27 Functionalized Molecules and Macromolecules

The strength of the F27 synthon mainly relies on the elevated
number of equivalent fluorine atoms per molecule, on the
highly branched structure of the fluorinated moiety, expected
to be more environmentally friendly with respect to longer
linear fluorinated chains, and on the plethora of potential
chemical functionalization they can undergo.
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Since 2007, when Yu and Jiang first demonstrated the
feasibility of synthesizing a broad range of F27 derivatives, for
the development of multifunctional vehicles for '"F-MRI
guided targeted therapy,'’*™*' the library of studied and
developed F27-based materials has increased exponentially, as
well as their use in different biological applications.

The functionalization of drugs and bioactive molecules with
the F27-tag represents, for example, a promising approach for
the development of traceable pharmaceutics.'® Fluorination of
bioactive agents is eventually reported to change their
physiochemical properties and modulate their interaction
with the biological environment. In particular, the simulta-
neous hydrophobic and lipophobic features of fluorinated
chains enhance membrane penetration and endosomal escape,
as well as tissue permeability, and result in an increased cellular
uptake of fluorinated drugs, genes, proteins, and peptides.*”
This strategy was for example adopted by Shi et al, who
reported the functionalization of 4-anilinoquinazoline with F27
for the development of '"F-MRI traceable EGFR tyrosine
kinase inhibitors.** Despite promising opportunities offered by
such an approach, the clinical translation of '’F-MRI traceable
bioactive compounds is mainly hampered by the hard task of
balancing their bioactivity with E-MRI sensitivity. Indeed, a
safe in vivo concentration of the bioactive agent is usually one
order less than the necessary '°F concentration for effective
YF-MRL" Although the use of the F27-tag, thanks to the high
number of equivalent fluorine atoms, might be an effective
strategy for reducing sensitivity issues, more efforts are needed
for developing clinically effective 'F-MRI traceable bioactive
tracers. The sensitivity problem can also be supported by the
use of high-field MRI scanner and cryogenic radiofrequency
probes.**

Labeling with F27 units is a valuable route also to develop
systems for bimodal and multimodal imaging applications. The
combination of the F27 synthon with a fluorescent dye is the
conventional strategy to tackle this purpose. Different F27
derivatives functionalized with fluorescent molecules (such as
boron dipyrromethene dyes, BODIPY) have indeed been
proposed as fluorescence imaging (FLI)/'’F-MRI bimodal
tracers.'” These systems are particularly promising as they
allow for simultaneous in vivo tracking (*’F-MRI) and ex vivo
intracellular localization. Additionally, the functionalization of
the BODIPY core permits tuning the emission spectra to the
near-infrared (NIR) region, allowing also for efficient photo-
acoustic imaging, and thus gives the possibility to develop
effective potential multimodal systems.”” In 2016, Huynh et al.,
proposed an F27 alcohol derivative functionalized with a
BODIPY suitable for combined FLI and '"F-MRI imaging
(Figure 6, panel 1). The reported system was able to produce a
bright '"F-MRI signal at low concentration values (in
agreement with previously reported detection limits in the
field), as well as a strong FLI signal in a mouse post-mortem.*®
On the same line, in 2019 we reported the synthesis and
characterization of a series of BODIPY dyes functionalized
with either one or two F27 tags, representing good candidates
as potential dual-imaging tracers for FLI and '’F-MRI
applications (Figure 6, panel 2)."’

It is important to consider that the functionalization of
fluorescent dyes with F27 tags further reduces their already
limited water solubility, so that they are required to be
formulated with surfactants or emulsifiers for their biological
use. One possible way to manage this issue is to design F27-
BODIPY structures bearing covalently bound additional

hydrophilic moieties, such as PEG chains (Figure 6, panel
3)."> However, the resulting derivatives acquire amphiphilic
properties and self-assembly that can lead to a decrease in the
mobility of the fluorinated chains, which negatively affects the
F-MRI signal and consequently the potential bimodality of
the system. In this regard, Zhang et al. recently showed that
addition of perfluorohexane (PFH) to a solution of a PEG-F,
functionalized BODIPY amphiphile effectively enhanced its
E-MRI signal, with respect to the pristine formulation. PFH
was indeed able to interact with the fluorinated chains of the
tracer, enhancing their mobility and thus improving the T,
relaxation time.*

F27-BODIPY bimodal systems clearly have a strong
potential for biomedical applications, in particular for the
fluorescence-guided surgery by coupling to NIR-emitting
fluorophores. However, the previously mentioned issues
regarding reduction in their relaxivity performance upon
formulation processes raises the need of carefully evaluating
this strategy. Indeed, considering the Raman-responsiveness
recently demonstrated for PERFECTA,” which applies also to
F27 tags, they are intrinsically bimodal imaging agents. It is
thus possible to develop simpler bimodal systems, having the
F27 synthon as a unique “active” moiety, avoiding eventual
degradation or detachment of the fluorescent molecule from
the fluorinated core with misleading information due to
different biological localizations of the two imaging-active
moieties.

In the attempt to combine a high degree of fluorination with
improved water solubility or dispersibility, much effort has
been dedicated to the development of bimodal fluorinated
systems obtained by functionalizing hydrophilic polymers and
dendrimers with fluorinated tags. By varying the type of
polymer and dendrimer scaffolds, it has been possible to confer
different properties to the system, in terms of biodegradability,
biocompatibility, and level of hydrophilicity. The resulting
systems are often amphiphilic. Thus, they spontaneously self-
assemble in aqueous solutions, with enhanced attitude to
interact with cell membranes and consequent higher cellular
internalization.”” Moreover, these amphiphilic supramolecular
assemblies can encapsulate both hydrophobic and hydrophilic
drugs, thus having the possibility to act as '’F-MRI traceable
drug or gene delivery vehicles. This strategy could represent a
valuable alternative with respect to previously discussed direct
functionalization of the bioactive molecules with F27 tags.

Among the different examples of F27 functionalized
hydrophilic polymers and dendrimers reported in the
literature, the work by Decato et al,, notably showed that a
single PEG chain functionalized with F27 moieties was able to
form stable spherical micelles in aqueous media with favorable
MRI properties. The ability of these assemblies to effectively
emulsify 20% (v/v) of the highly fluorinated anesthetic
sevoflurane make them potentially useful as theranostic
agents.48

Besides linear-chain polymers, other valuable scaffolds for
the development of high-performance '"F-MRI tracers are
offered by multibranched macromolecules and dendrimers
thanks to their peculiar 3D structures and better control on
synthesis and structure modification procedures. One of the
first attempts in this sense was a water dispersible F27
branched derivative functionalized with four short poly-
ethylene glycol (PEG) chains, termed "FIT, reported by
Jiang et al. in 2009. Despite its good water solubility (CMC ~
7 mM in PBS), good biocompatibility, and rapid body
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Figure 7. Biodegradable fluorinated Janus type dendrimers. (a) F27 functionalized dendrimer of generation L. (b) cryo-TEM images showing the
presence of bigger NPs (light blue arrow) and smaller systems, i.e., micelles (orange arrow). (c) and (d) size distributions of smaller and larger NPs
from cryo-TEM images. (e) '’F-NMR spectra over time. (f) F27 functionalized dendrimer of generation IL. (g) Cryo-TEM images showing the
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images. (1) ’F-NMR spectra over time. (m) F27 functionalized dendrimer of generation IIL. (n) Cryo-TEM images showing the presence of
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over time, showing a quenching of the signal after 48 h. Reproduced with permission from ref 14. Copyright 2022 The Authors. Published by
American Chemical Society.
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excretion, the '"F-MRI performance of such derivatives was
not optimal in terms of sensitivity.”” Some years later, Taraban
et al. synthesized a slightly different F27 functionalized
amphiphilic dendrimer, whose terminal PEG chains underwent
a concentration-dependent intramolecular conformational
transition, instead of micellization. The concomitant F
chemical shift change suggests the possibility of developing
stimuli-responsive tracers and might be useful for future '’F-
MRI traceable concentration-triggered drug release applica-
tions.*

Recently, we obtained a new family of fluorinated Janus-type
dendrimers, with the F27 tag bound to bis-MPA (2,2-
bismethylolpropionic acid) polyester dendrons of different
generations, with tunable aggregation behavior and MRI
response. Interestingly, it was possible to modulate their self-
assembly in aqueous media by increasing the size, flexibility,
and number of peripheral hydroxyl groups. If, on one hand,
low generation dendrimers formed micelles with a high '’F-

NMR signal-to-noise ratio and signal stability over time, the
highest generation derivatives underwent a morphological
transition from multilamellar vesicles to tubules, with
consequent reduction of fluorinated chains’ mobility and
switching-off of the NMR signal (Figure 7a—0)."*

Analogous systems based on F27-tagged oligoglycerol
dendrons were also successfully synthesized. When the linker
between the fluorinated and hydrophilic sides was changed,
self-assembly in water of these nonionic branched amphiphiles
gave either multivesicular and multilamellar vesicles, or smaller
unilamellar vesicles. In all cases, the resulting supramolecular
architectures showed negligible cytotoxicity and good potential
for drug delivery applications.™

3.2. F9 Functionalized Molecules

All the previously discussed examples underline the versatility
of F27 derivatives in the development of ’F-MRI tracers with
improved functionalities. F27-based systems, indeed, maintain
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Figure 9. (a) Thiol terminated F27 derivative for the functionalization of ultrasmall gold NPs with the consequent formation of superfluorinated
gold nanoclusters. Adapted with permission from ref 56. Copyright 2022 The Authors. (b) SAXS spectrum and (c) size distribution of radius size
from SAXS obtained GIFT. Reproduced with permission from ref 15. Copyright 2017 The Royal Society of Chemistry. (d,e) STEM images of
superfluorinated gold nanoclusters. Reproduced with permission from ref 56. Copyright 2022 The Authors.

an elevated number of equivalent fluorine atoms, suitable for
effective '"F-MRI application, and at the same time can be
functionalized with different linkers and reactive groups that
confer additional properties, such as multimodal responsivity,
bioactivity, and amphiphilicity. However, it is also true that the
presence of so many fluorine atoms can consistently lower
their solubility and dispersibility in water and thus negatively
affect their in vivo application.

For this reason, in parallel to F27 functionalized tracers,
research efforts are being devoted also to the development of
simpler derivatives bearing only one PFTB group (F9). This
approach can be useful for increasing the water solubility of the
resulting compounds, thanks to the reduction of the number of
fluorinated branches, ensuring in any case an amount of
equivalent fluorine atoms suitable for the needs of F-MRL
Besides the solubility issue, a further limitation that was
reported for some F27 derivatives is the quenching of their
MRI signal once they are dispersed in solution, likely due to
the reduced mobility of '’F atoms in the final assemblies. On
the other hand, similar substrates functionalized with smaller
F9 moieties were not affected by this phenomenon, as we
recently demonstrated for poly(lactic-co-glycolic acid) (Figure
8, panel 1).”' Beyond an improved ’F-NMR signal, the
resulting self-assembled systems showed additional good
encapsulation efficacy, in particular toward fluorinated drugs,
thanks to the huge number of stabilizing F---F interactions
occurring between the drug and fluorinated moiety of the
PLGA.”" This underlines the feasibility of some F9 function-
alized molecules to work as effective '’F-MRI sensitive drug
delivery carriers, as discussed also for F27 derivatives. An
interesting example of F9-labeling strategy for in vivo "F-MRI
was lately achieved using fluorinated hydrophilic short peptide
tracers (Figure 8, panel 2). Three F9 groups were introduced
into asparagine analogues by amide bond linkages, and b-
stereoisomers of charged amino acids were inserted in the
peptide sequence in order to ensure high water solubility and
stability against degradation. The additional presence of p-
alanine residues endowed the peptide tracers with low

cytotoxicity and high serum stability. The resulting unstruc-
tured peptides had all 27 "F atoms chemically equivalent,
rendering them extremely promising candidates for in vivo
imaging.”” In the same year, Feng et al. reported a series of
superhydrophilic fluorinated polymers, distinctly different from
the more common superhydrophobic or amphiphilic ones,
some of them functionalized with a PFTB group, showing
progr;lising results for '"F-MRI application (Figure 8, panel
3).

It, thus, seems that the choice of simpler and less fluorinated
F9 derivatives can sometimes be a valuable option for
developing effective '’F-MRI tracers, as recently highlighted
by Wu et al."’

Parallel to this, another reported approach, instead of
playing with single PFTB units, focuses on single CF; units,
covalently binding them to polymers and macromolecules
obtaining promising results.”*>>

According to the kind of application pursued, the most
proper balance between the high degree of fluorination and
structural mobility must be found to achieve optimal imaging
performance in biological environments.

3.3. Functionalization of Inorganic NPs for '°F-MRI

Most of the bioconjugate and bimodal F27/9-tagged systems
discussed in the previous paragraph require additional
formulation steps either to be dispersed in aqueous environ-
ments (e.g.,, F27-bearing drugs, biomolecules, or BODIPYs) or
to spontaneously self-assemble into water-soluble MRI-active
nanoaggregates (as in the case of F27/9 functionalized
polymers or dendrimers).

Another strategy could be offered by the development of
hybrid systems based on preformed NPs, such as inorganic
NPs, whose surface is decorated with F27/9 tags. In principle,
this approach could allow researches to develop theranostic
platforms, combining the intrinsic features of the NP itself
(such as photoreactivity, hyperthermia, imaging properties,
etc.) with "’F-MRI responsivity of the F27 synthon.
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In the synthesis of F-coated NPs, several aspects, including
the NP dimensions, the packing parameter of fluorinated
groups, and the length of the linker chain, have to be carefully
designed, in order to avoid the limited mobility of '’F atoms in
the final system, loss of magnetic equivalence (multiple peaks),
and consequently a reduced 'F-MRI signal. If solid NPs can
be functionalized on their surface with fluorinated groups, it
will probably change their dispersibility in aqueous solutions.
Among different kinds of NPs, gold NPs, thanks to their easy
preparation and functionalization routes, have been the most
used in this field. Moreover, gold NPs, depending on their
shap1% and size, can afford optical and photothermal proper-
ties.

In recent years, for instance, we decided to exploit the high
affinity toward metals of a thiol terminated F27 derivative,
which we already demonstrated in the case of planar surfaces,"”
for stabilizing gold NPs. Due to the highly branched and bulky
structure of F27-SH, the synthesis led to the formation of
ultrasmall highly fluorinated NPs (mean diameter <2 nm),
termed gold nanoclusters, endowed with peculiar molecule-like
optical properties, instead of the usual plasmon (Figure 9a—
e).” In particular, their NIR photoluminescence and good '*F-
MRI properties might be promising for a bimodal imaging
platform, after optimization of a suitable protocol for
dispersing them in water. Moreover, spontaneous crystalliza-
tion of such particles allowed us to confirm their atomically
precise structure, which proved to be composed of a Au,g
cluster core coated by a fully fluorinated shell of 18 F27-thiol
molecules.”® However, using these highly fluorinated NCs as
bimodal imaging platforms requires their further formulation
for allowing dispersibility in aqueous solutions. In this sense,
recently Carril et al. have shown the functionalization of small
core-sized Au NPs with F9 group linked to PEGylated lgands
affording high F payload and good relaxivity properties.’

4. CONCLUSIONS AND OUTLOOK

In the current quest for new approaches for early diagnosis and
the gradual tendency toward a more personalized medicine,
medical imaging plays a central role. Among available imaging
techniques, '"F-MRI has been attracting increasing interest
over the two last decades and much effort has been expended
for its clinical translation. The strength of '’F-MRI resides in
the lack of endogenous fluorine in the human body, which
allows for the quantitative detection of labeled cells/NPs as
hot-spot images. However, its application into clinic is often
hampered by sensitivity issues, which have stimulated
consistent efforts for the customized development of
increasingly effective '’F-MRI tracers.

In this Account, while critically analyzing the main issues
that are still preventing '’F-MRI clinical translation, we have
proposed our strategy based on PFTB-based tracers as a
possible way for producing innovative 'F-MRI traceable
molecules and nanomaterials pushing forward the research in
this field. The strong point of using these derivatives mainly
relies on the elevated number of equivalent fluorine atoms,
resulting in a single, intense, and well-resolved YE.NMR signal,
on its easy and scalable synthesis procedure, and on its
branched structure with four ether bonds (potentially
metabolizable by oxidative degradation in vivo) that may
allow for a faster clearance with respect to PFCs, overcoming
bioaccumulation and sustainability concerns.

The PFTB-based approach permits the production of either
fully fluorinated molecules (i.e., PERFECTA) or scaffolds (i.e.,

F9 and F27 tags) providing a vast range of macromolecules
and nanomaterials with improved versatility and function-
alities. In the former case, due to the high degree of
fluorination of PERFECTA, formulation processes are required
for biological use and protocols using different additives have
been developed, all yielding NPs characterized by optimal
relaxivity properties. On the other side, the ultrastructure of
the final NP seems to have an important effect on the clearance
of the fluorinated tracer; thus, more efforts should be dedicated
to perform biodistribution studies of PERFECTA formulations
with NPs characterized by different internal structures. The
obtained results might get insights on the relation between the
NP internal structure and clearance process of the fluorinated
tracer, helping to optimize the formulation for avoiding
bioaccumulation issues.

On the other side, by playing with the degree of fluorination,
picking between the tri-PFTB functionalized pentaerythritol
(F27) tag and a simpler PFTB group (F9), and picking the
substituents linked to the chosen fluorinated synthon, it is
possible functionalizing hydrophilic polymers and dendrimers,
biomolecules, and drugs. The obtained derivatives often
acquire amphiphilic properties forming assemblies of different
shapes and sizes with an increased attitude toward lipid
membranes and an enhanced cellular internalization. However,
self-assembling F27 functionalized systems, combining the
high degree of fluorination with good water dispersibility, can
show a reduced '?F-MRI response due to a lower mobility of
the fluorinated chains in the aggregate state. This issue can be
mitigated by either developing stimuli-responsive self-assem-
bling systems, which for example disassemble upon cellular
internalization with consequent activation of the signal, or
reducing the F payload using derivatives with a lower
fluorination degree, such as F9 tags.

Another exciting progress in this field, recently reported by
our group, is the innate Raman fingerprint of fluorinated
tracers, which allows for their use as bimodal multiscale '°F-
MRI/Raman tracers. In this context, PERFECTA- and PFTB-
based derivatives showed a sharper and more intense Raman
signal than other PFCs enabling their ex vivo detection in
tissues. Thus, in parallel to potential clinical applications, this
intrinsic bimodality can strongly support several needs in
preclinical studies for their further development without using
additional fluorescent tags/probes (i.e., monitoring the
progression of inflammation, tracking of therapeutic cells,
promoting early diagnosis, personalized medicine, and
precision surgery).

Opverall, we strongly believe that PFTB-based derivatives are
promising tracers for medical imaging and their further
development in increasingly effective and sustainable materials
can strongly support the translation of '’F-MRI into clinic.
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