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Abstract

Using fluorinated probes for 1%F MRI imaging is an emerging field with potential utility in cellular
imaging and cell tracking /in vivo, which complements conventional 1H MRI. An attractive feature
of 19F-based imaging is that this is a bio-orthogonal nucleus and the naturally abundant isotope is
NMR active. A significant hurdle however in the 19F MRI arises from the tendency of organic
macromolecules, with multiple fluorocarbon substitutions, to aggregate in the aqueous phase. This
aggregation results in significant loss of sensitivity, because the T, relaxation times of these
aggregated 1°F species tend to be significantly lower. In this report, we have developed a strategy
to covalently trap nanoscopic states with an optimal degree of 19F substitutions, followed by
significant enhancement in T, relaxation times through increased segmental mobility of the side
chain substituents facilitated using stimulus-responsive elements in the polymeric nanogel. In
addition to NMR relaxation time based evaluations, the ability to obtain such signals are also
evaluated in mouse models. The propensity of these nanoscale assemblies to encapsulate
hydrophobic drug molecules and the availability of surfaces for convenient introduction of
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fluorescent labels suggest the potential of these nanoscale architectures for use in multi-modal
imaging and therapeutic applications.
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INTRODUCTION

Cellular and tissue imaging techniques, especially those based on magnetic resonance
imaging (MRI), have gained much prominence in current clinical and biomedical research,
because of their non-invasive nature and the resultant patient compliance. Among the nuclei
that are probed for this purpose, 1°F MRI has emerged as a field that holds great promise in
multimodal imaging of targeted drug delivery and cell therapy. 13 The 19F nucleus exhibits
excellent NMR sensitivity, owing to its favorable magnetic properties that are quite close to
that of 1H, but with essentially no detectable background signal in the human body. Thus,
the signal intensity is a direct consequence of the presence of the fluorinated probe and the
anatomical localization of fluorine-containing particles or cells that can be identified
precisely when the 1°F MR image is superimposed with 1H density image.*®

The promise of 1%F MRI was particularly recognized, following the proof-of-principle
demonstration of /n vivo cell tracking of immune cells using perfluorocarbon (PFC)
nanoemulsions.5-8 However, complex formulation, droplet instability, and the lack of facile
functionalization of PFCs have limited their full reach in potential applications in targeted
therapeutics and theranostics.3-10 Polymeric contrast agents (CAs) present an advantage in
terms of attaining high fluorine content with sharp 1F NMR peak, which is necessary for
obtaining reduced chemical shift image artifacts, and thus high sensitivity.11 In this vein,
recent efforts have focused on developing polymeric 1°F MRI contrast agents as multimodal
imaging probes. A variety of polymeric tracers have been developed and tested, including
linear polymers,12-19 star polymers,2%-21 dendritic polymers,22-24 hyperbranched polymers
(HBPs),25-29 and polymeric nanoparticles.30-32 |n addition, there also have been efforts to
develop activatable “smart” agents that provide on-off 19F signals in response to certain

environmental changes, such as pH, redox potential, small molecule release and proteins.
17,30,33-37
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The key challenge in fully realizing the potential of polymeric tracers for these applications
arises from the fact that fluorocarbon substitutions render segments of polymers
hydrophaobic, which leads to aggregation. This aggregation process has deleterious effects on
their use in 1°F MRI applications. An ideal polymeric tracer should possess relatively short
T4 relaxation time for minimum scan time and sufficiently long T, relaxation time for high
signal intensity. Both T1 and T are influenced by molecular motion, particularly T,. Spin-
spin relaxation time of fluorine is sensitive to spatial arrangements and mobility of the
nuclear spins, since it is defined by the dipolar coupling between neighboring 1°F and H
nuclei. Consequently, fluorine signal intensity is significantly attenuated in an aqueous
environment due to the aggregation-induced loss of molecular mobility and the subsequent
decrease in T, relaxation time.38 Therefore, an ideal polymeric tracer would be
characterized by high number of fluorine moieties, where there is significant segmental
mobility and the fluorine-fluorine interaction is kept to a minimum.339 Considerable efforts
have been taken to address this challenge by varying molecular architectures
(hyperbranched, random vs. block copolymers),25:28:29.38 engineering electrostatic
repulsions among polymer chains,1320:30 and modulating the glass transition temperature
(Tg) of the polymer.12 Despite these exciting advances, significant improvements in T, are
still required for practical use in /n vivo applications.

We envisaged an approach in which one can take advantage of the hydrophobic properties of
the fluorocarbon substituents promote the self-assembly of amphiphilic polymers into
nanoscale aggregates, the fluorocarbon-bearing interior density of which is then manipulated
in a post-assembly step. Such a strategy consists of three steps: (&) formation of polymeric
assembly with high fluorocarbon core, along with degradable hydrocarbon moieties; (5)
preservation of the assembly through chemical crosslinking; (¢) triggered degradation of
cleavable hydrocarbon parts to decrease the density of the assembly’s interior. We show here
that such an assembly exhibits increased T relaxation time and results in enhanced signal
intensities in 1%F NMR and 19F MRI phantom imaging. In vivo MRI imaging capability of
these nanogels were also assessed in mouse models.

EXPERIMENTAL SECTION

Monomer and Polymer Synthesis.

Random copolymers were synthesized via either AIBN radical polymerization or RAFT

polymerization technique using commercially available and custom synthesized acrylate

monomers. Detailed procedure for preparation and the characterization of each monomer
and polymer are available in supplementary information.

Nanogel Preparation and Characterization.

Polymer micelles were prepared by direct dissolution of amphiphilic polymers in PBS buffer
(10 mM, pH 7.4) at 20 mg/mL concentration. Crosslinked polymer nanogels were
synthesized by addition of deficient amount of DTT into polymer micelle solution. To a vial
containing 2 mL of 20 mg/mL polymer solution that had previously encapsulated
hydrophobic dye molecule (Dil) added 20 pL of 45.3 mg/mL DTT solution. Crosslinking
reaction was monitored with the UV absorption spectrometer by following the absorption
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maximum of byproduct, 2-pyridothione, at 343 nm. Crosslink density was calculated by
using the molar extinction coefficient of byproduct (8.08*10% M~1cm™1 at 343 nm). Size
distribution of polymer nanoparticles were measured with Malvern Nanozetasizer-ZS. All
samples were diluted to 1 mg/mL with PBS buffer (L0mM) and filtered through 0.22 pm
syringe filter prior to measurement. Hydrodynamic diameters provided are volume averages
of three measurements.

Hydrophobic Dye (Dil) Encapsulation.
To a vial containing 2 mL of 20mg/mL polymer solution in PBS buffer (10mM) added 40
uL of 10 mg/mL Dil (1% wt feed) in acetone, followed by evaporation of acetone by leaving
the vial uncapped for 6 hours while stirring at room temperature. After 6 hours, the volume
of polymer solution is reconstituted back to original 2 ml with the addition of PBS buffer.
Non-encapsulated excess Dil has been removed by 0.22 um pore size syringe filter.

Hydrophobic Drug (DTX) Encapsulation.

To a vial containing 1 mL of 20mg/mL polymer solution in PBS buffer (10mM) added 60
pL of 66.7 mg/mL docetaxel (20% wt feed) in acetone, followed by evaporation of acetone
by leaving the vial uncapped for 10 hours while stirring at room temperature. After 10 hours,
the volume of polymer solution is reconstituted back to original 1 ml with the addition of
PBS buffer. Non-encapsulated excess docetaxel has been removed by 0.22 pm pore size
syringe filter.

Surface modification of crosslinked nanogel with FITC-SH.

0.4 mg (1% wit. feed) of FITC-SH was dissolved in minimum amount of DMSO (50 pL) and
added to the 2 mL of previously crosslinked nanogel solution (20 mg/mL). After stirring for
2h in ambient condition, excess FITC-SH, DMSO and 2-pyridothione were removed by
dialysis against PBS buffer. FITC-SH conjugation is quantified by UV-Vis spectroscopy
based on the FITC absorbance at 498 nm using the molar extinction coefficient of 75800 M
~1 cm~1 and found to be 0.08% wt.

Surface modification of crosslinked nanogel with FITC-SH and FA-SH.

0.4 mg (1% wt. feed) of FITC-SH was dissolved in minimum amount of DMSO (50 pL) and
added to the 2 mL of previously crosslinked nanogel solution (20 mg/mL). After stirring for
1h, 0.4 mg (1% wt. feed) of FA-SH in 50 uL DMSO was added to the reaction mixture and
stirred for another 1h. Finally, unreacted FITC-SH, FA-SH, DMSO and 2-pyridothione were
removed by dialysis against PBS buffer. FA-SH conjugation is quantified by UV-Vis
spectroscopy based on the folic acid absorbance at 344 nm using the molar extinction
coefficient of 7150 M~1 cm~1 and found to be 0.8% wt.

19F NMR Measurement.

19F NMR spectra of polymers in organic solvent (CDCI3) and PBS/D,0 (90/10, v/v) were
acquired using Bruker 500 MHz NMR spectrometer. All polymers samples in PBS buffer
were originally prepared in 20 mg/mL concentration and diluted to 17.8 mg/mL with 10%
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D,0. NMR measurements are performed with following parameters: 90°C pulse width 12.5
s, with 32 scans.

T, Relaxation Time Measurement.

T4 relaxation time of all polymers in CDCl3 and PBS/D,0 (90/10, v/v) were measured by
using standard inversion-recovery pulse sequence in Bruker 500 MHz NMR spectrometer.
All polymer samples in PBS buffer were originally prepared in 20 mg/mL concentration and
diluted to 17.8 mg/mL with 10% D,O prior to measurement. 2°F NMR acquisitions are
performed with recovery times ranging from 1 ms to 5 s, 90°C pulse width 12.5 s, relaxation
delay of 2.5 s with 16 scans. Only peak intensities for major peak at around —72.23 to
—72.29 were used for exponential functions for the estimation of T;.

To Relaxation Time Measurement.

T, relaxation times were measured using Carr-Purcell-Meilboom-Gill (CPMG) pulse
sequence in Bruker 500 MHz NMR spectrometer. T, of all polymer samples both in CDCI3
and PBS/D,0 (90/10, v/v) were acquired. For each measurement, 16 data points were
recorded with echo times ranging from 3 to 240 ms, which were then analyzed by Dynamic
Center Software to estimate T relaxation times. 1°F NMR acquisitions were performed with
90°C pulse width 12.5 s, with 16 scans.

Diffusion NMR.

Diffusion NMR of samples P1 and P1H were conducted by using a bipolar-gradient,
stimulated echo pulse sequence on a Bruker 400 MHz NMR spectrometer at 25°C. Samples
in PBS buffer were originally prepared in 20 mg/mL concentration and diluted to 17.8
mg/mL with 10% DO prior to measurement. The fittings of diffusion data were performed
using OriginPro 2017. The data for both samples could be well fitted with a two-component
exponential function, with reduced R? of 0.99999 and 0.99998 for P1 and P1H, respectively.
Hydrodynamic diameters were calculated using the Stokes-Einstein equation from the
diffusion coefficient of each component.

1H and 19F MRI Phantom Imaging.

All 1H and 1°F MRI phantom experiments were performed in a 3T (128 MHz for 1H)
Achieva whole-body MRI scanner (Philips Medical Systems, Best, Netherlands) by using a
custom-made solenoid (either 5mm or 35mm diameter) T/R coil and modular 19F Gateway
Interface (Clinical MR Solutions, LLC Brookfield, WI). Either standard 5Smm NMR
spectroscopy tubes (Figure S27) or 0.2 mL polypropylene PCR tubes (Figure S28) were
used for phantom imaging. A 3D ultrashort echo time (UTE) pulse sequence was used to
acquire 1F MR images to maximize signal from 1°F, which has a very short T2, and thus
rapidly decaying MR signal. The 1°F MR images of polymer solutions were acquired by
using UTE (TR/TE=600/0.13 ms; FA= 65°), 6 slices; voxel size=1x1x4 mm, field of view
(FOV) of 24 mm x 24 mm. Raw images were imported and processed using ImageJ. Signal-
to-noise ratios were calculated by normalizing the region-of-interest mean intensity values
by standard deviation of signal noise.
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1H and 19F MRI Animal Imaging.

Cell culture.

MTT Assay.

All animals were housed in the animal facilities complied with the guidelines approved by of
the Institutional Animal Care and Use Committee at the University of Massachusetts,
Worcester, MA. All 1H and 1°F animal experiments were performed using same custom-
made 35mm diameter solenoid T/R coil at 3.0 T. The coil was first tuned to the proton
resonant frequency to acquire 1H images and then re-tuned to 1°F resonant frequency to
acquire 19F images. A turbo spin echo (TSE) pulse sequence was used for both 1H and 19F
imaging. The 1H imaging parameters for T1-weighted imaging were: 6 slices with slice
thickness of 4 mm; field of view (FOV) = 24 mm x 30.6 mm x 50 mm with; TSE factor=8;
TR/TE = 600/13 ms; Same geometric parameters were used for T2-weighted 1H imaging,
other imaging parameters were: TSE factor=8; TR/TE = 3000/70 ms; Subsequently, the coil
was re-tuned to 19F resonant frequency and H images were used to plan the 19F MR
imaging plane. Feasibility 19F MR images were acquired by using TSE pulse sequence with
following parameters: TSE factor=8; TR/TE = 1000/4.4 ms; flip angle (FA) = 90°; NSA =
39; same geometric parameters as *H imaging was used for 19F imaging.

HelLa (human cervical adenocarcinoma) were obtained from the American Type Culture
Collection (ATCC ID: CCL-2). Cells were cultured in Dulbecco’s Modified Eagle’s
medium/F12 (DMEM/12) supplemented with 2 mM L-glutamine, 10 ug/mL streptomycin,
100 U/mL penicillin and 10% (v/v) fetal bovine serum (FBS) at 37 °C in a humid
atmosphere of 10% CO2. When HeLa cells were grown to 90% confluency, cells were
trypsinized for 5 mins in PBS and passaged 1:10 into a new tissue culture plate. Maximum
number of passage was limited to 10 for HeLa cells. DMEM/F12 and supplements were
obtained from ThermoFisher.

For cell viability assay, HeLa cells were trypsinized and counted. Cells were seeded on flat
bottom 96-well tissue culture plates at a density of 7,000 cells/well and rested for 24 hours at
37 °C in 10% CO2. After overnight incubation, the culture medium was removed, and cells
were treated with empty or docetaxel loaded nanogel samples at different concentrations in
complete medium for 24 hours. After treatments, cells were washed, and fresh medium was
added. Cells were incubated with the fresh medium for further 24 hours. Next day, medium
was replaced with 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium solution (MTT)
(prepared as 1 mg/mL in medium) and cells were incubated for 3—4 hours at 37 °C to allow
the formation of the MTT formazan. 96-well plate was spun for 5 minutes to let the
formazan settle at the bottom of the plate. MTT medium was discarded and formazan was
dissolved in 100 pL of DMSO. Purple color formation was observed and recorded using a
plate reader at 540nm.

Confocal Microscopy.

Confocal experiment was performed with Nikon A1l Spectral Detector Confocal (1ALS,
UMASS, Ambherst). HeL a cells were cultured in MatTek glass bottom dishes until they
reached the 70% confluency. Dil loaded NG samples were diluted to 0.25 mg/mL in
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complete medium and incubated with cells for 2 hours at 37 °C in 10% CO2. Later, cells
were washed with cold PBS at least three times and samples were fixed with 3%
paraformaldehyde. Nucleus were stained with NucBlue (Thermofisher) and plasma
membrane were stained with CellMask Deep Red (Thermofisher). The Images were
analyzed using NIS-Elements Software.

RESULTS AND DISCUSSION

Design, Synthesis and Assembly Formation of pH-responsive Multimodal Imaging Probes.

Consistent with the strategy outlined above, we designed an amphiphilic random copolymer
that consists of both crosslinkable functionalities and degradable hydrophobic moieties, in
addition to the fluorocarbon probe. Our approach to generate interior flexibility of
amphiphilic assembly was based on preserving the morphology through chemical
crosslinking first and then degrading and removing the cleavable portions from the interior
of the crosslinked nanogel. To achieve this, we used the /n situ crosslinking based nanogel
formation strategy.#%-42 We ascertained that incorporation of up to 30% of the hydrophilic
oligoethylene glycol (OEG) based monomer in amphiphilic polymers offers robust
aggregate formation. We also chose 15% crosslinking as the starting point, which was
accomplished by incorporating ~15% of the pyridyldisulfide (PDS) based hydrophobic
monomer in the polymer. The remaining 55% of the repeat units is used for optimizing the
balance between the fluorocarbon probe moiety and the acid-degradable tetrahydropyranyl
(THP) moieties. Note that the balance between these two moieties is likely to be the key
determinant in achieving high fluorine content and high segmental mobility. The fluorine
content is achieved by merely increasing the percentage of fluorocarbon moieties, while the
segmental mobility is achieved by the decreased density of the nanogel’s interior, facilitated
by the acid-catalyzed removal of the THP (Figure 1).

Three different polymers (P1-P3) with constant ratio of OEG:PDS (30%:15%) units and
varying ratios of THP:CF3 units were synthesized. We systematically increased the molar
ratio of fluorine content from 10% to 20% and to 30% in P1-P3 respectively, where the
molar ratio of the acid-labile THP group decreased from 45% to 35%, and to 25%. To
evaluate the importance of acid-labile responsive group in molecular design, we included a
control polymer (PC) into our library that lacks the acid-labile THP group. Instead, PC
contains cyclohexyl acrylate moiety, which is structurally close to THP but is not responsive
to acidic pH (Figure 2). Polymer PC contains same ratio of OEG:PDS (30%:15%) as all
other polymers, and 25% of cyclohexyl and 30% of CF3. Another interesting control that
can test the significance of degradable moiety is to include P6 in our library, in which there
are no THP or the phantom-cyclohexyl groups.

In addition, we were interested in exploring the properties of polymers that contain
structurally different fluorine monomers to elucidate the effects of fluorinated aromatics, as
well as the density of fluorocarbon substituents. In these cases, we also imposed that all
fluorine moieties should be chemically equivalent (from the side chain perspective), in order
to achieve NMR signals with similar chemical shifts. For this purpose, we designed and
synthesized polymers P4 and P5 (Figure 2). P4 contains 6 equivalent aromatic fluorine
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moieties within the monomer, while P5 and P1 contain 27 and 3 equivalent aliphatic
fluorines within the monomer unit respectively.

All polymers were successfully synthesized and characterized by NMR and GPC (see
Supplementary Information for details). Based on the feed ratio of monomers, P1, P2 and P3
are expected to have PDS and THP groups in ratios around 1:3, 1:2.33 and 1:1.67.
According to NMR characterization of polymers, these ratios are found to be 1:2.44, 1:1.95
and 1:28. Assemblies were conveniently prepared in PBS buffer (10 mM, pH=7.4) and the
average hydrodynamic radius was measured using dynamic light scattering (DLS). Polymers
formed small size assemblies with narrow distribution of P1, P2, P3 and PC having 6, 8, 9
and 14 nm, respectively (Figure 3e and Table S1 and Table S2). The polymer assemblies
were chemically crosslinked with the addition of dithiothreitol (DTT) to yield the
corresponding polymer nanogels (P1X, P2X, P3X and PCX). We use 0.5 equivalent of DTT
(with respect to the PDS moieties) to convert 50% of the PDS groups to free thiols. These
thiols then react with the remaining PDS moieties to generate a fully crosslinked polymeric
nanogel. The extent of this reaction was monitored and confirmed by the release of water
soluble byproduct, 2-pyridothione, through its characteristic absorption peak at 342 nm
(Figure 3a and 3b). Once the nanogels are formed, partial degradation of hydrophobic
interior was achieved by the addition of HCI to hydrolyze the acid-responsive THP groups to
achieve the final, degraded nanogels P1H, P2H, P3H and PCH. No drastic change in size
and nanogels composition was observed throughout the whole process. There is a slight
increase in size observed after acid degradation for pH-responsive polymers, which is likely
due to the electrostatic repulsion of resultant anionic side chains at neutral pH (Figure 3e and

3f).

19F NMR Analysis.

Spin-spin (T5) and spin-lattice (T1) relaxation times of fluorine nuclei are the parameters
that closely reflect molecular mobility of perfluorinated moieties. The observed MR signal is
a function of these parameters that reflect the performance of 1°F MRI probe. Hydrophobic
aggregation of fluorine probe restricts the local motion of 19F nuclei and heavily influences
these relaxation times, especially T». As a result, the successful use of 1°F MRI probe is
complicated by the aggregation induced signal attenuation and by the loss of signal intensity
in aqueous milieu. This phenomenon is evident in our current amphiphilic polymer systems
as well. When polymers are dissolved in chloroform without self-assembly, the fluorine
segments are completely flexible, which generates a single sharp peak at ~—73.2 ppm in 1°F
NMR for polymers bearing CF3 monomer (P1-P3, PC and P6), ~—62.8 ppm for P4, ~-70.4
ppm for P5. T, times of P1, P2, P3 and PC in chloroform were found to be 141, 153, 160
and 193 ms, respectively. However, when polymers were dissolved in a biologically relevant
milieu, such as the PBS buffer, a drastic decrease in relaxation time is observed, specifically
in T,, presumably due to solvophobicity driven self-assembly. This phenomenon is evident
in all polymer assemblies, but much more significant in polymers that contain aromatic
fluorine monomers (P4) as well as in polymers with high fluorine density (P5). 1°F NMR
peaks in aqueous solution were very weak and T» relaxation times were too short to
accurately measure it in these two polymers (Figure S22). These results indicate that the
fluorine monomers with aromatic structure or with higher fluorine density are not ideal for
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achieving higher mobility in these types of systems. This is understandable, as amphiphilic
assemblies driven by aromatic units have been shown to exhibit significant increase in
aggregate stability.*3 This explanation is further supported with our observation with P8,
where the observed low T2 of 7 ms could be attributed to the highly aromatic rigid core
associated with unused PDS groups that decreased the chain flexibility.

Although the assemblies of P1-P3 in PBS/D,0 (90:10, v/v) presented peak broadening in
197 NMR due to a decrease in T, relaxation time, peak intensities were considerably higher
than other polymers with a single peak between -73.11 and —73.28 ppm (Figure 4c and
Figure S23). Each of these polymers exhibited three different T, values in PBS buffer with
varying intensities, suggesting that the polymer aggregation resulted in a three-component
system in terms of the fluorine microenvironment. On average, all three polymers exhibited
three T, relaxation times of ~ 4 ms (60%), ~17 ms (30%), and ~130 ms (10%) (Table 1).
This could be due to the broad size distribution of assemblies or due to the varying
microenvironments of the fluorine nuclei, ranging from the nanogel core to the corona. To
differentiate these possibilities, we conducted diffusion NMR experiments on two of the
samples, P1 and P1H. For both samples, the diffusion data slightly deviate from a single-
component fit, while could be well-fitted by two-component models (Table S5 in SI). Note
that the distribution of nanogel particle sizes is continuous, thus the two-component fit does
not suggest that there are only two sizes of the particles in each sample, but rather that most
of the nanogel particles fall between the two sizes. For P1 and P1H, most particles fall
between the hydrodynamic diameters of 3.6 and 9.8 nm, and 4.4 and 12.6 nm, respectively.
These results agree very well with DLS measurements. Since T, is approximately
proportional to the correlation time of the underlying dynamics, and the correlation time of
the particle’s tumbling motion is inversely proportional to its hydrodynamic diameter, the
narrow particle size distribution as observed by diffusion NMR and DLS would not be able
to account for the factor of ~30 difference between the T,’s of the various components.
Therefore, the multi-component T is most likely due to the distribution of fluorine
microenvironment within the nanogel particles (Figure 4d). The T, values of the short-T,
component (~4 ms) are very similar for P1-P3 and PC. For PC, which is the most
hydrophobic among all four samples, the short-T, component is the dominant one.
Therefore, we could assign this component to the CF3 that is inside the hydrophobic core,
which has low mobility. The T, values of the long-T, component (~130 ms) are similar for
P1-P3 both in PBS buffer and in chloroform and for all their crosslinked and hydrolyzed
derivatives, which suggests that the long-T, component can be assigned to the hydrated and
mobile corona, in which the CF3 is sandwiched between hydrophilic comonomers, and has
high mobility. The intermediate-T, component (~17 ms) may be assigned to the surface of
the hydrophobic cores and smaller hydrophobic clusters, which has a mobility that is in
between the hydrophobic core and the hydrophilic corona.

Crosslinking and hydrolysis change the relative populations of the three components, while
their T, values stay mostly constant. This indicates that crosslinking and hydrolysis did not
drastically alter the morphology of the nanogel particles. Average value of T, for polymer
assemblies were calculated based on the respective intensity ratios and found to be 21, 20,
and 21 ms for P1, P2, and P3, respectively. It is noteworthy that the T, of longest relaxing
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component is the highest in P3 (146 ms, 9.5%) compared to P1 (130 ms, 9.8%) and P2 (119
ms, 11.3%), but the value is offset by the large fraction of shortest relaxing component of P3
(3.8 ms, 65.5%). The opposite trend holds true for P1, where the average T, becomes similar
to P2 and P3 in spite of its low value of long relaxing component that is compensated by the
lower fraction of short relaxing fluorine nuclei of P1 (4.3 ms, 56.7%). At last, the strongest
effect on T, due to association of fluorine is observed in control polymer, PC, in which the
relaxation time is decreased from 193 ms to 5.1 ms having 94% of 3 ms component out of
two.

Finally, note that T, relaxation times for all polymers decreased from ~520 ms to ~ 360 ms.
As we discussed earlier, short T4 is desired for attaining strong signal in MRI. Therefore,
decrease in T4 relaxation time impacts the overall imaging positively by shortening scan
time and improving signal to noise ratio.

Next, we investigated the change in relaxation times upon acid degradation of nanogels. But
prior to the acid hydrolysis, stabilization of polymer assembly through crosslinking is
essential. Otherwise, the polymer assembly may lose its nanoparticle morphology due to the
loss of hydrophilic-lipophilic balance after acid degradation of hydrophobic THP groups.
We expected a slight decrease in T, relaxation time upon mild crosslinking since it has been
previously shown that the high degree of branching reduced the chain flexibility in HBPs.38
However, average T relaxation times of nanogels increased slightly to 27, 24, and 24 ms for
P1X, P2X, and P3X, respectively. This is ascribed to the consumption of PDS groups during
the crosslinking reaction. Although the core of the nanoparticle is rigidified through
chemical crosslinking, cleavage of hydrophobic PDS groups minimizes the overall
hydrophobicity and increases the segmental flexibility. Similar trend is observed for PCX,
whose average T is increased from 5.1 ms to 6.1 ms. Small changes in both T, value and
respective ratios of each component contributed to the final evolution of average T».

Acid hydrolysis of THP was carried out at pH 2 for 4 hours followed by the addition of base.
Base addition was used to bring back the pH to 7.4 and trigger the deprotonation of acrylic
acid moieties. The ratio of degradable moiety is varied from 45% to 35% and to 25% in P1,
P2, and P3, while the ratio of fluorine is increasing from 10% to 20% and to 30%,
respectively. Since P1 has the highest amount of acid labile group, the highest level of
enhancement in segmental mobility is expected. Indeed, we observed an increase in average
T, by more than a factor of two for P1 (21 ms to 54 ms), which is much higher than those
for P2 and P3 (Figure 5a). The relative change within the three components of T, was also
analyzed. After acid degradation, the shortest relaxing component of P1 increased from 4.3
ms to 10.4 ms at the same time the relative ratio is decreased from 56.7% to 33.7% whereas
both value and ratio of medium relaxing and long relaxing components increased from 16.2
(32%) ms to 37.8 ms (44.5%) and from 119 ms (11.3%) to 155 ms (21.8%), respectively. We
observed the same trend of T, enhancement for each component for P2 and P3 except the
extent of increase was less than in P1, indicating that the internal flexibility is improved by
the removal of THP groups in a ratio dependent manner. However, it is noted that the
difference in enhancement between P2 and P3 was found to be quite small, suggesting that
the ratio-dependent enhancement has peaked between P1 and P2. This phenomenon is
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confirmed by the studies on control polymer, PC, where the T, was indeed decreased from
5.1 msto 3.9 ms.

There is no significant change in T1 observed for all polymers during the crosslinking and
the acid treatment. All polymers before and after acid treatment exhibited only one Tq
relaxation value within same range, meaning that the change in interior plasticity and
conformational mobility do not affect the spectral density of fluorine nuclear spins (Figure
5b).

19 MRI Phantom and Animal Imaging.

To test the potential contrast enhancement in 1°F MRI, we conducted phantom imaging
analysis first. Polymer assemblies showed strong signal in phantom imaging at 15 mM
fluorine concentration using ultrashort TE pulse sequence (UTE) acquisition of 19F MR
signal with 3T Philips Achieva MRI scanner (Figure S27). Samples were scanned in an
NMR tube by using a 5 mm diameter transmit/receive RF coil. To accommodate several
samples simultaneously, for comparative imaging of 1°F-specific resonances, we used a
larger diameter (35 mm diameter) solenoid transmit/ receiver coil resulting in a decrease in
the overall 19F signal intensity. However, the MR signal measured in each of four samples
provided high enough signal-to-noise ratio at 20 mg/mL polymer concentration, allowing
reasonable signal intensity for each sample. Since the highest T, enhancement was observed
in P1, 19F MR imaging were first conducted on P1. At 22 mM concentration of P1, there
was no appreciable increase in signal intensity, which could be due to the low 1°F content in
P1 (Figure S28). Although the flexibility of polymer interior improved, signal intensity did
not benefit from this feature, as P1H has small amount of 19F. In contrast, MRI signal
intensity of P3 increased 25% upon acid degradation, as shown in Figure 5¢ and 5d. Despite
the same 19F concentration (67 mM) was used, signal intensity in P3H is greater than P3,
P3X and PC, suggesting that the MRI signal intensity of the polymer nanogel was actually
improved by reducing the density of hydrophobic interior via removal of stimuli-responsive
side chain. Note however that the UTE pulse sequence is not considered to be sensitive to
changes in T,. Therefore, although interesting, the reason for the intensity increase in P3H,
relative to other forms of P3, is not clear. Nonetheless, it is clear that a critical percentage of
fluorine moieties is needed for obtaining a reasonable MR signals in the phantom MRI
mode.

To test the feasibility of fluorinated nanogels for animal imaging, intravenous injection of
nanogels in mice and subsequent 1°F MRI imaging were performed. We continued animal
imaging with our most promising polymer, P3H, which showed high MRI signal according
to phantom imaging. We used a mouse model with induced inflammation as an internal
marker, in order to determine whether P3H stays in circulation for a prolonged period of
time. In two mice (DBA/2) inflammation was induced by injecting lipopolysaccharide (LPS)
in Matrigel into the left forepaw shoulder area to keep this site within the field of view
during MRI imaging (Figure 5e). These two mice were injected with 0.1 mL of sterile P3H
polymer nanogel at ~650 mM fluorine concentration and scanned for H and 19F MRI after
2 hr and 72 hr time points post injection. In both animals, considerable amount of 19F signal
was detected after the 2 hr delay in heart and carotid arteries, indicating that the particles are
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abundantly in blood circulation. Signal intensity did not decrease considerably after 72
hours, which demonstrates that these nanogels have long circulation half-life. Also, note that
the accumulation of particles around the inflammation area increases over time in each of
the animals. This indicates that there might be a propensity for these nanogels to home at the
inflammation site. Note however that the current nanogels are not decorated with any
targeting moieties to specifically target a tissue type (Figure S29). Nonetheless, these results
show the promise of these nanogels for future imaging possibilities.

To show that 1°F signal is associated with polymer nanogel, but not with the animal itself,
we carried out 'H and 1°F MRI imaging for a mouse without any fluid injection. There was
no fluorine signal detected during 1°F MRI scanning from this animal, indicating that there
is no fluorine in the animal body that is sensitive to MRI imaging and the positive signal can
be exclusively attributed to the fluorinated polymer nanogels in circulation in the mouse
(Figure S30).

Cell targeting and therapeutic delivery of imaging probe.

In addition to the demonstration of the potential utility as a polymeric MRI tracer, we were
interested in testing whether the same nanogels can also be used for targeting and as a
therapeutic carrier. Such a demonstration would suggest its future for theranostics.44-48 In
addition to the stabilization of polymer assembly formation, the PDS groups also offer a
convenient handle for surface functionalization. In this study, nanogels were conveniently
functionalized with small amount of folate ligands; folate receptor has been previously
shown to be overexpressed in various cancerous tissues.*®-51 In addition to cell targeting
ligand, nanogels can be labeled with fluorescent tag molecules that can be used as a handle
to monitor the cell uptake by optical microscopy. Thiolated versions of folic acid and
fluorescein isothiocyanate (FITC) were sequentially attached to the surface of polymer
nanogel by means of thiol exchange reaction with remaining PDS groups. Successful post-
conjugation of P3 is confirmed by the absorption spectrum of polymer nanogel after the
extensive dialysis (Figure 6b). Efficient cell uptake of folate decorated nanogels has been
shown with folate receptor positive cancer cell line (Figure 6¢). To investigate whether the
uptake is indeed driven by the folate ligand, a control nanogel was synthesized without the
folate ligand. A shown in Figure 6c, the cellular uptake of folate-decorated nanogel was
substantially better than the control nanogel. To test whether hydrophobic guest molecules
can be noncovalently encapsulated within these nanogels, a hydrophobic cyanine dye, Dil,
was incorporated within the nanogel interior. After 2 hr of incubation with HeLa cells,
cellular uptake was monitored with by confocal microscopy (Figure 6e-6h), where the
presence of the Dil dye is seen in the cytoplasm of the cells. Finally, to further demonstrate
the utility of these nanogels, we encapsulated a chemotherapeutic drug molecule, docetaxel
(DTX), within the hydrophobic interior of nanogel. We then tested the in vitro cell viability
in HelLa cells. As shown in Figure 6d, the drug-loaded P3 exhibited 50% of cell killing at
concentration of ~10 pg/mL whereas there is no significant toxicity by the polymer nanogel
itself at the same concentration.
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CONCLUSIONS

In summary, we report on a novel polymeric design that has the potential as a multimodal
imaging platform, based on 1°F MRI imaging. We show here that: (/) self-assembly of
amphiphilic polymers, driven by the hydrocarbon and fluorocarbon species can be used to
embed 19F moieties within a water-soluble polymeric nanoparticle; (/) the NMR and
relaxation time loss associated with the reduced segmental mobilities in these aggregates can
be mitigated by preserving the morphology of the assembly through crosslinking, followed
by release of hydrophobic moieties to increase segmental mobilities within the nanogel
interior; (/7/) MR imaging of the nanogels indicates that a balance between the critical
number of fluorine moieties required for MR signals from the polymer and the degree of
enhancement in segmental mobility is needed; (/1) the ability to decorate these nanogels
with fluorophores and utilize their interior to encapsulate drug molecules within their
interiors, combined with the inherent biocompatibility of the nanogels, indicate that these
nanogels hold promise in multimodal imaging and theranostics applications. Indeed,
extending this work in theranostics applications is part our own laboratory’s foci.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Design and synthesis of fluorinated probe. (a) Structure of polymer and nanogel. (/) Nanogel
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Schematic representation of preparation of fluorinated nanogel with decreased interior
density.

Biomacromolecules. Author manuscript; available in PMC 2020 February 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Munkhbat et al.

X ¥ Zz z X y Zz
o /=0 0 (o] (o] 0 o}
j L»c:=3 g\ L<:|=3
S
. S X 5
9 9
o PC P6
R group
X y z z
& =0 0 0 CF,
P4
S SR S Sy
X 9’3
9 K F,C CF3
% P
- P5 |
(P4-P5) WDL\] CF,
CF,
F
CF, “"3
F3

Figure 2.
Structure of control polymers tested in this study
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Change of 19F NMR relaxation times in polymers upon aggregation: (a) Decrease of T in

PBS buffer. (b) Decrease of average T, in PBS buffer. (c) 1°F NMR peak broadening in
aqueous solution versus organic solvent. (d) Variation of T, depending on the fluorine
microenvironment. (e) Evolution of T, in P1 and PC upon DTT crosslinking and acid
degradation. Graph is designed to represent the increase of T, value for all component,
increase of relative intensity for the longer T, component and the decrease of relative
intensity for the shorter T, component resulting in increased overall T, value. Similar trend
is observed for both P2 and P3 upon acid treatment.
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Figure5.
(a) Evolution of average T for all polymers. (b) Evolution of T4 for all polymers. (c,d) 1°F

phantom MRI image of P3 series. () /n vivo MRI showing the accumulation of P3H at the
site of inflammation over 72 hours. The H coronal images are represented in grayscale, the
19F s in 16 color intensity scale. (I: inflammation, CA: carotid arteries, H: heart).
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Figure 6.
Post-modification of nanogel. (a) Surface functionalization of nanogel with FITC and FA

through disulfide exchange reaction. (b) UV absorption spectrum of P3 before and after
surface modification. (c) Flow cytometry analysis of HeLa cells after the incubation with P3
with and without FA-conjugation. (d) MTT cell viability assay using HeLa cells incubated
with empty and docetaxel encapsulated P3. (e) UV absorption spectrum of Dil encapsulation
to P3. (f-h) Confocal microscopy imaging of HeL a cells incubated with Dil encapsulated in
P3 nanogels. Dil is shown in red, nucleus in blue, and cytoplasm in magenta.
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Table 1.

Evolution of T, relaxation time with the respect to crosslinking and the acid degradation in P1, P2, P3 and
PC.

Component 1 Component 2 Component 3 Avg.
To(ms)

Toms) Int.% Tyms) Int.% Tyms) Int.%

P1 43 56.7 16.2 32.0 119 11.3 211
P1X 4.8 54.5 22.1 32.3 128 13.2 26.7
P1H 10.4 33.7 37.8 44.5 155 21.8 54.1

P2 3.8 62.3% 16.8 27.9% 130 9.8% 19.8
P2X 4.2 60.3% 22.0 28.1% 134 11.6% 24.3
P2H 43 54.3% 22.1 32.4% 137 13.3% 21.7

P3 3.8 65.5% 18.5 25.0% 146 9.5% 21.0
P3X 3.7 61.5% 20.6 26.7% 138 11.8% 24.1
P3H 5.7 47.5% 275 36.5% 144 16.0% 35.8

PC 3.0 93.9% 37.7 6.1% - - 5.1
PCX 25 88.6% 14.0 9.7% 147 1.7% 6.1
PCH 3.0 98.0% 46.0 2.0% - - 3.9
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