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ABSTRACT: A major challenge in the preparation of polymeric
F magnetic resonance imaging (MRI) contrast agents (CAs) is
signal attenuation caused by reduced segmental mobility of partly
fluorinated polymers possessing large numbers of fluorine atoms.
Previous studies have thus mainly focused on the development of
fluorinated segments for improved FE MRI; however, detailed
investigations of the role of hydrophilic segments on imaging
performance remain scarce. In this study, three hydrophilic and
biocompatible monomers, i.e., 2-(methylsulfinyl)ethyl acrylate
(MSEA), oligo(ethylene glycol) methyl ether acrylate (OEGA),
and oligo(2-methyl-2-oxazoline) acrylate (OMOXA), were used to
prepare perfluoropolyether (PFPE)-containing amphiphilic block
polymers through reversible addition—fragmentation chain-transfer (RAFT) polymerization. The effect of the different hydrophilic
segments on '°F imaging performance was explored. The three polymers could be readily dissolved in aqueous solutions, forming
assemblies with the hydrophobic PFPE as the core and the hydrophilic chains as the shell. Molecular dynamics simulations
demonstrate that the POMOXA chains adopt a rigid, extended conformation, leading to a relatively short '’F NMR spin—spin
relaxation time (T,), lower NMR detectable '°F spins (i.e., visibility), and the least intense '’F MRI signal. In contrast, although
PMSEA—PFPE has a shorter ’"F NMR T, than POEGA—PFPE, the much higher '°F spin visibility enhances its MRI signal
intensity. The result confirms the importance of maintaining both high fluorine visibility and long T, relaxation time to prepare
effective CAs and highlight the key role of the nonfluorinated hydrophilic segments in determining these parameters.

Magnetic resonance imaging (MRI) is widely used in solution.'*'® Our team has successfully prepared a series of
medical diagnosis and drug development as a non- amphiphilic copolymers containing perfluoropolyether (PFPE)
invasive technology for the visualization, characterization, and segments, having the highest fluorine content reported for
quantification of biological processes. * Conventional 'H polymeric ""F MRI contrast agents.'” ' A number of
MRI acquires signals from the mobile protons present in hydrophilic polymers can be used to stabilize PFPE in aqueous
organisms or materials.” However, the intense background solution, including poly(ethylene glycol), polyoxazolines, and
signal from endogenous water molecules often makes it sulfinyl-containing polymers; however, the effect of different

difficult to clearly identify diseased tissue, indicating the hydrophilic polymers on the segmental mobility of PFPE, and
importance and urgency of developing new MRI agents based therefore the "’F NMR properties and MR imaging perform-
on different nuclei.®™® ance, has not been studied in detail">'%?

F MR, in which the signal arises only from administered In this study, we confirm through a combination of
fluorinated molecules, possesses a critical advantage over 'H synthesis, characterization, and molecular dynamics simula-

MRI in that no background signal can be detected due to the tions that the structure of the hydrophilic component of PFPE
9-12 block copolymer 19F MRI CAs can have a significant impact on

low concentration of mobile fluorine atoms in the body. I NMR and MRI properties. Hydrophilic segments with

An important design requirement for effective '’F contrast
agents (CAs) is high '’F content for ready detection by '"F
MRI. However, fluorine is hydrophobic in nature, and Received: July 15, 2022
fluorocarbons tend to aggregate in aqueous solutions, which Accepted: September 12, 2022
leads to attenuation of the "’F MR signal and reduced imaging

sensitivity.l"’_15 A promising strategy to overcome the

hydrophobicity of fluorine is to introduce hydrophilic

segments to stabilize fluorine-containing polymers in aqueous
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Scheme 1. Synthetic Scheme Describing the Synthesis of the Three PFPE Block Copolymers, PMSEA—PFPE, POEGA—PFPE,

and POMOXA—PFPE
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Figure 1. Chemical structures and assigned '"H NMR spectra of (a)

Chemical shift (ppm)

PMSEA—PFPE, (b) POEGA—PFPE, and (c) POMOXA—PFPE in CDCl,.

varying hydrophilicity and molecular size, namely, (2-
(methylsulfinyl)ethyl acrylate (MSEA), oligo(ethylene glycol)
methyl ether acrylate (OEGA), and oligo(2-methyl-2-oxazo-
line) acrylate (OMOXA), were examined. Our results highlight

that the hydrophilic segment can impact the assembly and
conformation of PFPE CAs in aqueous solution and directly
affect the '’F NMR and MRI performance. The study reveals
that both ’F NMR relaxation times and NMR visibility, key
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Table 1. Detailed Structural Characteristics and '’F NMR and '°F MRI Properties of the Polymers (PMSEA—PFPE, POEGA—
PFPE, and POMOXA—PFPE)

conv. fluorine content M M D, (nm)? F NMR T, F NMR T, F MRI

o, NMR nSEQ

(%) (wt %)“ (g/mol)” (g/mol)“ b DLS (ms)*© (ms)*® SNR”
PMSEA—-PFPE 86.3 22.5 4000 16500 1.0 9.3 3733 41.3 222.0
POEGA-PFPE 89.0 22.7 3900 16000 1.04 7.5 375.4 62.3 213.5
POMOXA— 80.0 16.9 5300 17500 1.17 8.0 401.2 33.9 136.9

PFPE

“The weight percentage of fluorine in the samples. bThe M, »NMr for the polymers was calculated by considering the integrals of the peaks due to
protons H3 (2H) and protons H1 (3H) as shown in Figure 1. “The M, szc and D were obtained by size exclusmn chromatography (SEC) in DMF.
Note: the M, ggc values were determined using polystyrene as an internal reference and are larger than M, g 4D, was obtained by DLS (number-
based) in PBS. “The '°F NMR T,/T, were measured in PBS/D,0 (90:10, v/v) at 298 K at 9.4 T.The SNR value was calculated from the '°F MR
images at a '°F concentration of 6.8 mg/mL.

(@ PMSEA-PFPE POMOXA—PFPE (© 40

PMSEA

POEGA
&%& 3.0 POMOXA
7 S —— P FPAM el
O
&‘;5 .
P * &ﬁ%ﬁm Z-O-Hw‘w MJ\‘ WL m W MW%W
Fe F
3 1.0 1
X

Distance (nm)

0 10 20 30 170 180 180 200
Time (ns)

(b)

t=200 ns

Figure 2. Snapshots from the MD simulations of the self-assembly behavior of 40 polymer chains in 150 mM NaCl solution. (a) Initial structures of
each single PMSEA—PFPE, POEGA—PFPE, and POMOXA—PFPE chain. The PFPE segments are shown in red, surrounded by hydrophilic
monomer units in blue, green, or orange. (b) Assemblies formed after 200 ns simulation time, from left to right: PMSEA—PFPE, POEGA—PFPE,
and POMOXA—PFPE, respectively. (c) The average distance between terminal fragments of hydrophilic chains and the branching site at the
polymer backbone.

parameters for the design and synthesis of effective '’F MRI due to the fluorinated methyl and methylene groups in the
CAs,™ are sensitive to the choice of hydrophilic segments. repeat unit of the PFPE oligomer.

In this study, we report the syntheses and characterization of Three block copolymers, poly(MSEA),;-PFPE (PMSEA—
a series of amphiphilic block copolymers containing PFPE as PFPE), poly(OEGA);-PFPE (POEGA—-PFPE), and poly-
YF MRI contrast agents. In these block copolymers, the (OMeOx)4A),-PFPE (POMOXA-PFPE), were prepared via

RAFT polymerization. The degrees of polymerization (DP) of
the hydrophilic MSEA, OEGA, and OMOXA monomers were
controlled to be 15, S, and 4, respectively, to obtain a similar
fluorine content in the three block copolymers. The conversion

hydrophilic segments are varied as polymers of MSEA, OEGA,
and OMOXA to investigate the relationship between
molecular structure and imaging performance. An oligomeric
PFPE RAFT agent was prepared by a dicyclohexylcarbodii-
mide/4-(dimethylamino)pyridine (EDCI/DMAP) esterifica-
tion coupling reaction between (propionic acid)yl butyl
trithiocarbonate (PABTC) and hydroxy-terminated PFPE

of monomers to polymers was determined by 'H NMR from
integration of the peaks due to a residual monomer at ~6.5
ppm (peak a, 1H) and the newly formed polymer peaks at
ey ) ~4.5 ppm (peak b, 2H) in the "H NMR spectra of the crude
(M, 1% 1300 g/mol, Scheme 1)."" Figure S1 shows the 'H solution mixtures (Figure S2). The 'H spectra of the three
and F NMR spectra of PABTC—PFPE macro-CTA in polymers after purification are shown in Figure 1. In the
CDCI,. All of the peaks in both the 'H and '°F NMR spectra spectrum of PMSEA—PFPE (Figure la), the methylene
can be successfully assigned. More specifically, in the "H NMR protons (2H, —CH,0~) adjacent to the ester groups of the
spectrum, a multiplet at ~4.6 ppm (H7, Figure S1) appears MSEA and the terminal ether oxygen of PFPE appear at ~4.2

after esterification, corresponding to the methylene protons ppm (H3) and ~4.6 ppm (H6), respectively. In addition, the
adjacent to the PFPE segment, confirming the successful F NMR spectra of the three polymers can be successfully
synthesis of the PABTC—PFPE macro-CTA. In the F NMR assigned based on previous reports, and the integrated
spectrum in Figure S1, the intense resonance at ~—80 ppm is intensities of each peak correspond well to the number of
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Figure 3. Quantitative spin-counting '°F NMR experiments and calculated '°F MRI SNRs. (a) The calculated SNRs of PMSEA—PFPE, POEGA—
PFPE, and POMOXA—PFPE using eq 1 neglect the '’F visibility. (b) '’F NMR visibility and “F T,. (c) ’F NMR spectra of PMSEA—PFPE,
POEGA—PFPE, and POMOXA—PFPE in PBS with a constant fluorine concentration of 6.8 mg/mL. Trifluoroethanol was used as the internal
standard. (d) The calculated SNRs of PMSEA—PFPE, POEGA—PFPE, and POMOXA—PFPE using eq 1 with the inclusion of '°F visibility.

fluorine atoms in the chemical structure of PFPE (Figure
§3).">'®** For instance, the most intense peak F1 at ~—80
ppm is due to the difluoromethylene (2F, —CF,—) and
trifluoromethyl group (3F, —CF;) from the PFPE segment of
the copolymer. The NMR spectra confirm the successful
synthesis of the three polymers, and the detailed structural
characteristics of the polymers are summarized in Table 1.

The amphiphilic fluorinated block copolymers are expected
to form core—shell assemblies driven by association of the
hydrophobic PFPE segments in the aqueous solutions.””*®
Dynamic light scattering (DLS) was used to confirm this
hypothesis. The hydrodynamic diameters (D}) observed from
DLS of the three polymers were 9.3 nm for PMSEA—PFPE,
7.5 nm for POEGA—PFPE, and 8.0 nm for POMOXA—PFPE
(Table 1). The D, values were all well above the theoretical
size for unimers (~1 nm based on our previous reports'”'%**),
indicating the formation of assemblies for all the three
polymers in PBS solution.

The self-assembly behavior of the three polymers in aqueous
solution was examined through molecular dynamics (MD)
simulations. Figure 2a shows the initial molecular structure of
PMSEA—PFPE, POEGA—-PFPE, and POMOXA—PFPE. In
Figure 2b, the MD simulation box was populated with 40
single polymer chains and filled with an aqueous solution
containing 150 mM NaCl. We assume that equilibrium was
reached for each polymer after a simulation time of 200 ns. All
three polymers formed small-sized aggregates/micelles in
aqueous solution with the hydrophobic PFPE as the core
and hydrophilic segments within a surrounding shell. The

1198

multichain aggregates observed in MD simulations are
consistent with the results obtained in the DLS measurements
discussed above and are consistent with our previous
reports.'”** In addition, the MD simulations reveal that the
hydrophilic blocks adopt different conformations; ie., the
POMOXA chains adopt a much more rigid and extended
conformation compared with the PMSEA and POEGA
copolymers. This can be confirmed by the changes in average
distance between terminal fragments of the hydrophilic chain
and polymer backbone with simulation time (Figure 2c).

F MRI performance is highly sensitive to the segmental
mobility and conformation of the fluorinated segments (i.e.,
PFPE in this case), and thus it is expected that the different
assemblies revealed by MD simulations would impact NMR
and MRI properties (Table 1)."»** "F NMR spin—lattice
relaxation (T,) and spin—spin (T,) relaxation times of the
three polymers were measured in PBS at a field strength of 9.4
T to evaluate chain mobility. The results in Table 1 indicate
that the identity of the hydrophilic block can significantly affect
the T, and T, relaxation times. To be more specific,
POMOXA-PFPE has the shortest T,, indicating the lowest
chain mobility, which is suggested to be related to the rigid
conformation of the hydrophilic segment shown in the MD
simulations. In contrast, POEGA—PFPE has the longest T,
relaxation time among the three polymers, indicating the
highest segmental mobility of PFPE in solution. The expected
F MRI signal-to-noise ratio (SNR) of the three polymers was
calculated with eq 1 using measured T, and T, relaxation times
and the known fluorine content.”” It can be concluded that the

https://doi.org/10.1021/acsmacrolett.2c00414
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expected SNR of PMSEA—PFPE, POEGA—-PFPE, and
POMOXA~PFPE in arbitrary units is 1.73 X 10*°, 1.82 X
10%, and 1.65 X 10%, respectively (Figure 3a).

(5-3)

_TR
+ exp| —

I =uN(F)|1 — 2 exp

&
exp| —
s W

In eq 1, I is the image intensity; v is the '"F NMR visibility
factor; N(F) is a measure of the fluorine concentration in the
volume element of the image (based on 6.8 mg F); and Ty
(1000 ms) and Ty (6 ms) are the pulse sequence repetition
and echo times, respectively.

The expected '°F MRI SNRs were calculated by assuming
that all of the '"F spins in the three polymers could be
observed by MR], i.e., were “NMR-visible”. However, MD
simulations indicate differences in self-assembly and especially
the rigidity of the hydrophilic chain (Figure 2). Previously, a
number of workers have reported that self-assembly including
assembly of polymer chains above a lower critical solution
temperature can lead to a reduction in NMR intensity of units
with restricted molecular mobility.”*">’ Reduced molecular
mobility results in enhance dipole—dipole interactions which
can lead to such short T, relaxation times that the NMR signal
becomes broadened into the spectral baseline.””*" Quantitative
spin-counting '"’F NMR experiments of the polymers in PBS
were used to determine the visibility of the '°F spins. The
contrast agent with PMSEA as the hydrophilic segment shows
the highest '°F visibility, and intensities in other spectra were
normalized to this spectrum (Figure 3b). The POEGA and
POMOZXA block copolymers have much lower NMR visibility
factor v at 83% and 59% of that of PMSEA—PFPE, respectively
(Figure 3b and 3c). Figure 3a and 3d shows the calculated
imaging SNRs of the three polymers without and with the
consideration of '°F visibility. These plots highlight that NMR
visibility and T, and T, relaxation times are all important
parameters in determining imaging performance.

These observations are analogous to those of Thérien-Aubin
and co-workers who examined the dynamics of poly(methyl
acrylate) (PMA) chains tethered to the surface of cross-linked
polystyrene (PS) nanoparticles.” Those workers varied the
dynamics (stiffness) of the PS nanoparticle by changing the
proportion of cross-linker divinylbenzene used in the
miniemulsion polymerization of PS. The dynamics of the
polymer chains within the PS core of the nanoparticles and
within the PMA corona were examined from measurements of
variable-temperature 'H T relaxation times. As in the current
study, the dynamics of the more mobile chains, ie., the PMA
chains in the work of Thérien-Aubin, were significantly affected
by changes in the dynamics of the attached chains, i.e,, the PS
core. In our work, the apparent rigid nature of the POMOXA
reduces the local segmental mobility of the PFPE blocks to
such an extent that a proportion of the '°F spins is not NMR
visible. Therefore, it can be concluded that the nature of the
different types of hydrophilic side chain brushes, i.e., polymers
of MSEA, OEGA, and OMOXA, significantly affects F NMR
properties, thus finally impacting the observed '"F MRI
intensity.

“F MR images of solutions of the three polymers were
obtained at different total fluorine concentrations to

1199

demonstrate the performance of our CAs. The 'H RARE
images illustrate the positions of the tubes in the resonator
(Figure S4). For the 'F MR images, the excitation and
refocusing pulses were centered on the largest peak at
approximately —80 ppm in the F spectrum. As shown in
Figure 4a, samples with higher concentrations of fluorine in
solution show brighter 'F MRI images.

(a)

9F RARE
PMSEA-PFPE

255 @O"J;

191
- JeX

64 POMOXA-PFPE

3 O00
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Figure 4. Concentration dependence of ’F MRL (a) "’F MR images
of PMSEA—PFPE, POEGA—PFPE, and POMOXA—PFPE in PBS.
(b) Plots of '’F MRI SNR as a function of fluorine concentration in
solution. The SNR values were normalized according to the polymer
concentration and the fluorine content of the polymer. The rapid
acquisition with relaxation enhancement (RARE) sequence was used
to measure the '°F MR images of the solutions of the three different

polymers.

For an ideal "’F MRI CA to provide quantitative imaging
information, the SNR should increase linearly with concen-
tration.”® The changes in '’F MRI SNRs as a function of '°F
spin concentration from 1 to ~10 mg/mL are shown in Figure
4b. The plots in Figure 4b show that the SNRs of all three
polymers increase linearly with increasing fluorine concen-
tration, indicating that the SNRs were only dependent on the
fluorine concentration, and the relaxation times must not
change significantly over this concentration range.

For the three polymers at the same fluorine concentration,
the solution of PMSEA—PFPE had the strongest '“F MRI
intensity, followed by the POEGA—PFPE and POMOXA—
PFPE. The differences in imaging intensity are more obvious at
higher fluorine concentrations. To be more specific, as has
been mentioned in Table 1, the imaging SNRs of PMSEA—
PFPE, POEGA—PFPE, and POMOXA—PFPE are 222.0,
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213.5, and 136.9, respectively, at a “’F concentration of 6.8
mg/mL. This observation is consistent with the SNRs
calculated using eq 1 when taking both '’F NMR visibility
and NMR relaxation times into consideration (Figure 3d),
highlighting that it is crucial to optimize both parameters to
prepare ideal imaging candidates. The study also reveals the
importance of the proper choice of hydrophilic segments to
stabilize hydrophobic fluorinated segments in solution.*”

In summary, a series of PFPE-containing block copolymers
with three different hydrophilic segments were prepared,
varying from 2-(methylsulfinyl)ethyl acrylate (MSEA), oligo-
(ethylene glycol) methyl ether acrylate (OEGA), to oligo(2-
methyl-2-oxazoline) acrylate (OMOXA). The effect of the
hydrophilic chains on solution properties and '’F NMR and
MRI performance was investigated. The three polymers were
observed to form assemblies in aqueous solution, confirmed by
DLS and MD simulations, with the hydrophobic PFPE
segments assembled as the core, surrounded by the hydrophilic
blocks as the shell. As confirmed by MD simulations, the
POMOXA chains have the most rigid conformation, leading to
a short "’F NMR spin—spin relaxation time (T,), lower '°F
NMR spin visibility, and the least intense '’F MRI signal from
the PFPE segments. In contrast, the PMSEA and POEGA
chains adopt a more flexible conformation, and corresponding
improved NMR and MRI properties compared with polymers
of POMOXA were observed. To be more specific, PMSEA—
PFPE has a shorter "F NMR T, than POEGA—PFPE;
however, the much higher 'F spin visibility greatly improves
its MRI performance. This work highlights the importance of
proper choice of hydrophilic segments for preparing effective
F MRI imaging agents, providing important design
parameters to improve imaging performance.
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