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To develop novel contrast agents for bimodal molecular imaging, we report here the design and synthesis of

multifunctional hyperbranched polymers containing iodine and fluorine and their application as CT/**F MRI bimoda!
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imaging contrast agents. A hyperbranched iodopolymer (HBIP), which was composed of 2-(2',3',5'-triiodobenzoyl)ethyl

methacrylate (TIBMA), poly(ethylene glycol) methyl ether methacrylate (PEGMA) and a degradable crosslinker, was first

synthesised by reversible addition-fragmentation chain transfer (RAFT) polymerization. Then the HBIP was chain extended

with PEGMA and 2,2,2-trifluoroethyl acrylate (TFEA) to form hyperbranched iodopolymers containing F (HBIPFs). A series

of HBIPFs with different contents of iodine and fluorine were prepared. Nanoparticles with diameter of 10~15 nm were

formed by direct dissolution of HBIPFs in water, and the biodegradability was revealed by the treatment of reducing

agents. The radio-opacity of these nanoparticles in aqueous solution was confirmed by in vitro CT experiments, and

solutions of the nanoparticles were visualised by *>F MRI. These results suggest that the HBIPFs are attractive candidates

for CT/*F MRI bimodal imaging.

Introduction

In recent decades clinical diagnosis has advanced rapidly owing
to the emergence of modern imaging techniques, such as
magnetic resonance imaging (MRI), computed tomography
(CT), positron emission tomography (PET), single photon
emission computed tomography (SPECT), optical imaging,
ultrasonography, etc. Although these techniques are
frequently employed in the clinic and in research, each
modality has its own advantages and limitations. For instance,
optical imaging has high poor
penetration, while MRI provides high spatial resolution and no

sensitivity but tissue
tissue penetration limitations but suffers from low sensitivity
and relatively long imaging time." Therefore, in some cases a
single modality cannot offer sufficiently comprehensive data
required for accurate diagnosis. In recognition of this the
combination of two or more modalities has been a trend in
both research and clinic applications in recent years.z‘5
Compared to single modality imaging, complementary
information can be obtained through multimodal imaging,
such as PET/CT, PET/MRI and optical/MRI, facilitating accurate
diagnosis as well as assisting treatment.

The development of nanotechnology has brought enormous
possibilities for the design of nanoparticle (NP)-based
molecular imaging agents. Owing to the unique
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physicochemical properties of NPs, NP-based agents have a
number of advantages compared with their small molecule
counterparts, e.g. longer circulation time, integration of
different functionalities, controllable size and surface
properties, etc.” % In the past decade a significant range of
NP-based multimodal imaging agents have been developed,
and this has greatly bolstered the prospects of multimodal
imaging techniques. >

Magnetic resonance imaging (MRI) is a non-invasive and non-
destructive imaging modality that can generate 3D anatomic
images of patients with high resolution in particular for soft
tissue. In contrast, X-ray CT can produce images with high
spatial resolution for hard tissue but it has poor contrast for
soft tissue. Therefore the synergetic application of MRI and CT
is attractive as this can enhance the imaging capability. In
recent years, considerable attention has been paid to the
design of CT/MRI contrast agents.lz‘21
have been based on liposomes, inorganic NPs or polymer-
containing hybrid NPs. Surprisingly, CT/MRI agents based on
dendritic polymers including hyperbranched polymers (HBPs)
and dendrimers have not been reported to this date,
regardless of their advantages for nanomedicine such as long

Most proposed agents

blood retention time, 3D globular structure, multifunctional
sites for functionalisation,
loading, biocompatibility, biodegradability, etc.

Since the first study in 1977,27 F MRI has been recognised as
a promising complementary modality to 'H MRI, which is
currently the dominant MRI in routine clinic scans. F MRI has

intramolecular cavity for drug
22-26

a number of advantages, the most remarkable being the
physiological rarity of F in the human body which can
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Scheme 1 Schematic illustration of the synthesis of hyperbranched polymers containing iodine and fluorine.

eliminate confounding background signals and thus generate
selective *°F MRI images.28 In the past few years, polymeric F
MRI agents have attracted increasing attention. A wide range
of 19F—containing polymers have been synthesised and

evaluated as °F MRI contrast agents, including linear
polymers, 2932 tar ponmers,33’ 3 hyperbranched and dendritic
polymers, >4l nanogels,‘u’43 etc.

The combination of CT and *°F MRI can allow for the imaging
for hard tissue as well as the visualising of imaging probes. To
the best of our knowledge, there is no literature reporting the
design of CT/19F MRI molecular imaging agents. Herein we
report the design of multifunctional hyperbranched polymers
containing iodine and fluorine and their application as CT/19
MRI bimodal imaging contrast agents. The synthetic route is
described in Scheme 1. In the first step, a hyperbranched
iodopolymer (HBIP) was synthesised via reversible addition-
fragmentation chain transfer (RAFT) polymerisation based on a
previously reported procedure.44 Specifically, the iodine-
containing monomer, 2-(2',3',5'-triiodobenzoyl)ethyl
methacrylate (TIBMA), was incorporated to introduce iodine
atoms to provide X-ray opacity. The macromonomer,
poly(ethylene glycol) methyl ether methacrylate (PEGMA, MW
=475 g mol'l), was copolymerised to provide hydrophilicity.
The disulfide-containing  bifunctional monomer, bis2-
(methacryloyl)oxyethyl disulfide (DSDMA), was chosen as a
crosslinker to form branching structures and to achieve
biodegradability. In the second step, the as-synthesised HBIP
was used as a macro chain transfer agent (macro-CTA) and was
chain extended with 2,2,2-trifluoroethyl acrylate (TFEA) and

2| J. Name., 2012, 00, 1-3

PEGMA. Finally hyperbranched iodopolymers containing O
(HBIPF) were obtained. According to the chemical structure,
the iodine atoms were positioned within the branched inner
part while the ®F nuclei were dispersed in the outer
copolymer chains. Since the polymers contained both iodine
and fluorine, it was thus expect that they could be utilised as
molecular imaging agents for CT/19F MRI bimodal imaging.

The novelty of this work lies in the design of the first example
of CT/19F MRI bimodal molecular imaging agents as well as the
development of multifunctional hyperbranched polymers as a
promising platform for F MRI-incorporated multimodal
imaging.

This journal is © The Royal Society of Chemistry 20xx
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Experimental Section

Materials

All chemicals were purchased from Sigma-Aldrich unless
otherwise stated. Poly(ethylene) glycol methyl ether
methacrylate (PEGMA, MW = 475 g mol'l) and 2,2,2-
trifluoroethyl acrylate (TFEA) were passed through basic
alumina columns to remove 2,2'-
Azobis(2-methylpropionitrile) (AIBN) was recrystallised twice
from methanol prior to use. Bis(2-methacryloyl)oxyethyl
disulfide (DSDMA) was synthesised following procedures
published previously.34’ % The chain transfer agent (CTA), 4-
cyano-4-(2-phenylethane
sulfanylpentanoic acid (PETTC), was synthesised according to a
previously reported method.*® 4-(Dimethylamino)pyridine
(DMAP), tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
and reduced L-glutathione (GSH) were used as received. N,N'-
dicyclohexylcarbodiimide (DCC) were ordered from Alfa Aesar.
Milli-Q water with a resistivity of 18.4 MQ cm™ was used for all
the experiments that require water. Tetrahydrofuran (THF),
dichloromethane (DCM) and N,N-dimethylformamide (DMF)
were obtained from a solvent purification system (MB-SPS-
800-Auto, Mbraun) and used directly. All other organic
solvents were of analytical grade. Amicon ultra-15 centrifugal
filter units (100k) were purchased from Merck Millipore.

inhibitors before use.

sulfanylthiocarbonyl)

Characterisation

Gel permeation chromatography (GPC). Molecular weights and
molecular weight distributions were determined by GPC using
a Waters Alliance 2690 Separations Module equipped with
Waters 2414 Refractive Index (RI) Detector, Waters 2489
UV/Visible Detector, Waters 717 Plus Autosampler and Waters
1515 Isocratic HPLC Pump. Samples were dissolved in THF and
passed through 0.45 um filters before each measurement. THF
was used as the mobile phase at a flow rate of 1 mL min. The
system was calibrated using polystyrene (PS) standards, to
which the number average molecular weight (Mn) and weight
(Mw) referenced. For
measuring absolute molecular weights, a multi angle laser light
scattering (MALLS) detector (DAWN 8+, Wyatt) was attached
to the GPC, and the polymer solutions were eluted at a flow

average molecular weight were

rate of 1 mg mL™" in THF. The refractive index increment
(dn/dc) was determined by using ATAGO Pocket Refractometer
at room temperature. Briefly, polymers were dissolved in THF
at a range of concentrations from 10 to 300 mg mL'l, and the
refractive index of each solution was measured 5 times to get
the average value. The dn/dc for each sample was calculated
based on those values. The dn/dc values for HBIP and HBIPFs
were 0.085 and 0.070, respectively.

Nuclear Magnetic Resonance (NMR). 'H NMR and *c NMR
were performed on a Bruker Avance 500 MHz spectrometer
equipped with a BBOS5 probe at 25 °C using an internal lock
(CDCl3) and referenced to the residual non-deuterated solvent
(CHCI5).

Dynamic Light Scattering (DLS). DLS measurements were
carried out on a Nanoseries Zetasizer (Malvern, UK) at 25 °C.
Sample solutions were prepared in PBS (1 mg mL™) at different

This journal is © The Royal Society of Chemistry 20xx
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pH values and passed through 0.45 um filters prior to each
measurement. Each hydrodynamic diameter was the average
value of 5 measurements. To minimise the influence of large
aggregates, number averaged diameters are reported.

Transmission Electron Microscopy (TEM). TEM experiments
were conducted on a JOEL JEM-1010 transmission electron
microscope at 80 kV. Samples were prepared by dropping
polymer solutions (5 mg mL™" in water) onto copper grids
coated with glow discharged carbon, which were then left at
room temperature overnight until dry. For each sample, a
number of areas on the grid were examined and different
magnifications were applied. Representative
provided in this paper.

*F Nuclear Magnetic Resonance (wF NMR). All “F NMR spectra
were acquired at 470.55 MHz without 'H decoupling on a
Bruker Avance 500 spectrometer using a 5 mm broadband
inverse probe (BBOS5) for which the inner coil was double-
tuned for *°F and 'H. The samples were prepared by dissolving
the star polymers in PBS/D,0 (90/10, v/v) at a concentration of
100 mg mL™. All measurements were performed at 25 °C. A
900 pulse of 15.1 ps was used in all measurements, the
relaxation delay was 2 s and the acquisition time was 0.7 s.
Data were collected using a spectrum width of 23 kHz, 32k
data points and 128 scans.

9 spin-spin relaxation times (7,) were measured using the
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence at 25 °C.
The samples were dissolved in PBS/D,0O (90/10, v/v) at a
concentration of 100 mg mL™. The relaxation delay was 3 s and

images are

the acquisition time was 0.7 s. For each measurement, the
echo times were from 2 to 770 ms and 15 points were
collected, which could be described by exponential functions
for the calculation of T,. Only values for the major peaks are

reported.
19 . . . . .
F spin-lattice (T;) relaxation times were measured using the
standard inversion-recovery pulse sequence. For each

measurement, the recovery times were from 2 ms to 3 s and
15 points were acquired. Only values for the major peaks are
reported.

°F Magnetic Resonance imaging (19F MRI). Images of
phantoms containing the solutions of the HBIPF nanoparticles
were acquired on a Bruker BioSpec 94/30 USR 9.4 T small
animal MRI HBIPFs were dissolved in PBS/D,0
(90/10,v/v) at different concentrations and were loaded in 30
x 8 mm clear vials, which were placed in a 1H/19F dua’
resonator 40 mm volume coil. *H images were acquired for
localisation of the samples using a RARE sequence with an
echo train length of 8 (TE=28 ms, TR=25s, FOV=40x40 x 1
mm, Matrix = 256 x 256 x 1). 9 images were acquired in the
same stereotactic space as the 'H image using a RARE
sequence with an echo train length of 8 (TE = 10 ms, effective
TE=40ms, TR=1s, FOV =40 x 40 x 10 mm, Matrix = 40 x 40 x
1, No. Averages = 256) and a total acquisition time of 21

scanner.

minutes.

Computed Tomography (CT). Images of phantoms
containing the solutions of the HBIPF nanoparticles were
acquired on a Siemens Inveon Preclinical PET/CT scanner.
HBPIFs were dissolved in PBS at different concentrations and

J. Name., 2013, 00, 1-3 | 3
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were loaded in 30 x 8 mm clear vials. Each sample was imaged
individually to avoid the confounding of X-ray attenuation
across the sample space. Each sample was placed in the centre
of the X-ray field and images were acquired using an X-ray
source with the voltage set to 80 kV and the current set to 500
HA. Scans were performed using 360° rotation with 180
rotation steps with low magnification and a binning factor of 4.
Exposure time was 230 ms with an effective voxel size of 106
um. CT images were reconstructed using the Cobra software
package (Siemens) and normalised to a phantom containing
pure water where Hounsfield units were set to 0 for pure
water and -1000 for air.

Synthesis of 2-(2',3',5'-Triiodobenzoyl)ethyl Methacrylate (TIBMA)

TIBMA was prepared following an approach published
elsewhere.*”” * Typically, 1,3,5-triiodobenzoic acid (10 g, 20
mmol), 2-hydroxyethyl methacrylate (5.2 g, 40 mmol) and
DMAP (0.54 g, 4.4 mol) were mixed in 150 mL of DCM in a 500
mL flask. DCC (9.08 g, 44 mmol) in 50 mL of DCM was added
dropwise to the above mixture over 10 min, and the solution
was then stirred at room temperature for 24 h in the dark.
After reaction, the mixture was filtered, and the filtrate was
washed successively with HCI (2 M, 200 mL x 3) and saturated
NaHCO; (200 mL x 3). Then the filtrate was dried over
anhydrous MgS0,, followed by filtration. The dark brown
solution was collected and concentrated by rotary
evaporation, then it was recrystallised from hexane/ethyl
acetate (10/90, v/v) twice. Finally, the obtained pale soft
powder was dried in vacuum at room temperature. Yield: 9.17
g, 75%. "H NMR (500 MHz, CDCls, ppm): 8.43 and 7.80 (2H, d,
phenyl protons), 6.12 and 5.75 (2H, s, vinyl protons), 4.55 and
4.47 (4H, m, COOCH,CH,), 1.94 (3H, s, CHs). *C NMR (125
MHz, CDCl;, ppm): 166.80, 148.71, 142.47, 136.80, 127.25,
115.36, 108.16, 96.19, 64.81, 62.97, 18.91.

Synthesis of Hyperbranched lodopolymer (HBIP)

The HBIP was synthesised by RAFT polymerisation. In a typical
experiment, TIBMA (3.672 g, 6 mmol), PEGMA (2.85 g, 6
mmol), DSDMA (0.174 g, 0.6 mmol), PETTC (0.102 g, 0.3 mmol)
and AIBN (4.92 mg, 0.03 mmol) were dissolved in 7.12 mL of
DMF in a 50 mL flask. Next the flask was sealed with a rubber
septum and purged with argon for 30 min in an ice bath. Then
the flask was placed in a 70 °C oil bath and magnetically stirred
for 10 h. After that the polymerisation was quenched by
immersing the flask in ice bath and exposing it to air. The
crude solution was precipitated into cold diethyl ether three
times. Finally a brown viscous solid was obtained after drying
in vacuum at room temperature. Yield: 6 g, 88%. GPC MALLS:
M,=157x10"g mol™, molar mass dispersity (Py, MyW/M,) =
2.2.

Synthesis of Hyperbranched lodopolymer Containing 9 (HBIPF)

The HBIPF was prepared through chain extension of HBIPF

with TFEA and PEGMA. By varying TFEA/PEGMA feed ratio,
HBIPF-1, HBIPF-2 and HBIPF-3 with different compositions

4| J. Name., 2012, 00, 1-3

were synthesised. The synthesis of HBIPF-1 is described here
as an example. HBIP (0.4 g, 2.55 x10-3 mmol, equivalent to
0.018 mmol of CTA), TFEA (0.055 g, 0.36 mmol), PEGMA (0.684
g, 1.44 mmol) and AIBN (0.59 mg, 0.0036 mmol) were
dissolved in 3.6 mL DMF in a 25 mL flask, which was then
sealed with a rubber septum and purged with argon for 20 min
in ice bath. After that the flask was placed in 70 °C oil bath and
stirred for 4 h. Then the polymerisation was cooled down using
an ice bath and exposed to air. The crude solution was
precipitated into cold diethyl ether three times, and the
collected polymer was further purified by centrifugal filtration
(Amicon Ultra-15, 100k). After lyophilisation, a vyellowish
viscous solid was obtained. According to 'H NMR, the
monomer conversions of TFEA and PEGMA were 30% and 52%,
respectively. GPC MALLS: M, = 2.27 x 10° g mol'l, molar mass
dispersity (Py, My/M,) = 2.0. Yield: 0.65 g, 84%.

Degradation of HBIP Using Reducing Agents

In order to study the degradation using TCEP, HBIP (20 mg,
8.81 x 10™ mmol) and TCEP (10.1 mg, 0.035 mmol) were
dissolved in 1 mL methanol. The solution was purged with
argon for 20 min and then stirred at room temperature for 24
h. An aliquot was sampled for GPC analysis.

For the treatment by GSH, HBIP (20 mg, 8.81 x 10 mmol)
and GSH (21.6 mg, 0.07 mmol) were dissolved in 7 mL of PBS.
The concentration of GSH was 10 mM. The solution was
purged with argon for 20 min and then stirred at room
temperature for 24 h. An aliquot was withdrawn and
lyophilised for GPC analysis.

Results and Discussion

Synthesis of Partly-fluorinated Hyperbranched lodopolymers
Since the pioneer work reported by Davy and co—workers,“’ 49
2-(2',3',5'-triiodobenzoyl)ethyl (TIBMA) has
drawn much attention as a typical iodo-monomer for the
synthesis of X-ray-opaque polymeric materials.’® % 056 1o
date, most of the TIBMA-based polymeric agents have been
microparticles prepared by conventional free radical
polymerisation, whereas there are very few reports of TIBMA-
based polymeric agents with hyperbranched or dendritic
structures synthesised by controlled radical polymerisation.57
8 As introduced above, hyperbranched polymers possess a
number of unique advantages, thus it is desirable to explore
the synthesis of TIBMA-based hyperbranched polymers. These
can be prepared via controlled polymerisation methods such
as RAFT polymerisation,59 which can be utilised for the
synthesis of well-defined and complex architectures.®” ®* As
the TIBMA homopolymer is hydrophobic, it is important to
increase the hydrophilicity by copolymerisation with PEGMA.
This approach introduces polyethylene glycol side chains and
has been widely used for preparing hydrophilic and
biocompatible materials.®? Furthermore, the crosslinker
DSDMA used here contains a disulfide bond that can be

methacrylate

This journal is © The Royal Society of Chemistry 20xx
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Table 1 GPC and 'H NMR data for the HBIP and HBIPFs.

ARTICLE

Sample TIBMA/PEGMA/DSDMA TFEA/PEGMA M, Absolute M, B’ Ncra
in first block® in second block® (each chain, kDa)® (kDa)*

HBIP 20/20/2 - 22.7 157 2.2 7
HBIPF-1 20/20/2 10/45 45.6 227 2.0 5
HBIPF-2 20/20/2 10/34 40.4 238 2.0 6
HBIPF-3 20/20/2 37/52 53.0 207 2.0 4

® Degree of polymerisation (DP) was obtained from "H NMR results. ® M, for each chain was calculated based on *H NMR. ¢ Absolute molecular weight was

measured by GPC MALLS. 4 Number of CTA functionalities per each molecule was estimated through the equation (Ncra) = M, (GPC MALLS)/M, (*H NMR),> ®

presuming that the branched structure was formed by inter-chain reaction rather than intra-chain cyclisation.

cleaved in the presence of reducing agents,64'66, facilitating the

removal of the polymers from the body for in vivo
applications.

The iodo-monomer TIBMA was synthesised by the
esterification between 1,3,5-triiodobenzoic acid and 2-
hydroxyethyl = methacrylate, and was purified by

recrystallisation (see Fig. S1 for 'H and **c NMR spectra). The
RAFT agents PETTC was chosen because of the well-resolved
peaks of its two aromatic protons at 8.43 and 7.80 ppm,
facilitating the determination of degree of polymerisation by
'H NMR (see Fig. S2 for 'H and ®c NMR spectra).
Hyperbranched iodopolymers (HBIPs) were synthesised from
the monomers TIBMA, PEGMA and DSDMA via RAFT
polymerisation. The feed
TIBMA/PEGMA/DSDMA/PETTC/AIBN was set to be
20/20/2/1/0.1. During the polymerisation, the conversion of
the three monomers was monitored by ™y NMR, and reached
above 97% within 10 hours,
polymerisation. As listed in Table 1, the as-synthesised HBIP
had an absolute Mn of 157 kDa with a relatively low (for a
hyperbranched structure) molar mass dispersity, Dy, of 2.2.
For each HBIP molecule, the number of CTA functionalities
(Ncra) was calculated to be 7, confirming the highly branched
structure of the HBIP.

The HBIP was then used as a macro-CTA and chain extended
with TFEA and PEGMA for the synthesis of hyperbranched
iodopolymers containing F (HBIPF). To investigate the effect

ratio of

indicating a fast rate of

of fluorine content on the °F MRI performance, three feed
ratios of TFEA/PEGMA/CTA were used, i.e. 20/80/1, 40/80/1
and 80/80/1. The polymerisations were allowed to proceed for
4 hours, and the conversions of TFEA and PEGMA were
approximately 30% and 52%, respectively. The resultant HBIPF
samples with different TFEA/PEGMA compositions were
denoted as HBIPF-1, HBIPF-2 and HBIPF-3, respectively. As
shown in Table 1, all the HBIPFs had larger M,, than the HBIP
macro-CTA, meanwhile the By, still kept low at 2.0,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 "H NMR spectra of HBIP and HBIPFs in CDCl; at 25 °C.

demonstrating successful chain extension of HBIP via RAFT
polymerisation.

As displayed in Fig. 1, the chemical structures of HBIP and
HBIPFs were characterised by 'H NMR. Specific peaks in the
spectra were assigned to protons of TIBMA, PEGMA and
DSDMA, as shown in the spectra. For all the samples, the
protons of the aromatic ring were observed at 7.8 and 8.3
ppm, respectively. In addition, for the samples after chain
extension, the peak of the two protons in the methylene group
adjacent to -CF5 was found to be overlapped with the peaks at
4.4~4.7 ppm, however the integral of this peak became larger
with increasing TFEA/PEGMA feed ratio, suggesting an

J. Name., 2013, 00, 1-3 | 5
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Table 2 Properties of HBIP and HBIPFs.

Sample | wt%® F wt%® F wito%® T: (ms)° T, (ms)° Dy, (nm)*
of each molecule of each molecule of the second block
HBIP 33.6 0 - - - 12.24+2.31
HBIPF-1 17.0 13 2.5 405 61 13.49+1.05
HBIPF-2 19.0 1.4 3.2 374 38 13.09+1.28
HBIPF-3 14.4 4.0 6.9 102 11 12.45+1.03

? lodine and fluorine weight percentages were calculated based on *H NMR results. ® 7, and T, of *°F were determined by *°F NMR.

¢ Hydrodynamic diameter (Dy) was measured by DLS in water at 25 °C.

HBIPF-2 AN
---i

HBIPF-1

T
-72 -73 -74
Chemical Shift (ppm)

Fig. 2 "°F NMR spectra of HBIPFs.

increasing amount of TFEA incorporated into the second block.
Therefore, "H NMR results revealed the chemical structures of
the samples and confirmed the successful chain extension of
HBIP. Based on "H NMR results, the DP of each polymer chain
was calculated and the content of iodine and fluorine was
obtained. As listed in Table 2, the iodine content of HBIPFs was
relatively constant at 17 + 2.5 wt%. The weight percentages of
F of both the polymer and the second block were also
provided in Table 2. The fluorine content of the polymer is
required for the determination of ®E concentration for “°F
MRI. However, the fluorine content of the second block is
crucial for the study of ®E NMR properties of the polymers
because it can directly affect the mobility of ¥E nuclei in
aqueous solution.

Examination of "°F NMR Properties

The HBIPFs were also characterised by F NMR. As shown in
Fig. 2, the peaks at -72~-74.4 ppm confirmed the presence of
E in the HBIPFs. The bimodal nature of the peaks indicated
that there are possibly two chemical environments for the 19
nuclei. We propose that this is due to different sequence
distributions caused by the largely different reactivity ratios of
TFEA/PEGMA (0.22 and 2.46, respectively).67 Hence, segments
of PTFEA homopolymer and P(TFEA-co-PEGMA) statistical
copolymer co-existed in the second block, resulting in two s

resonances.® Furthermore, the peak width also increased with

6 | J. Name., 2012, 00, 1-3

°F content, indicating that the F nuclei are experiencing
stronger dipolar coupling at higher °F content. The spin-lattice
relaxation time (7;) and spin-spin relaxation time (T;), which
are two important parameters for 19 MRI, were alsc
determined by F NMR. As displayed in Table 2, when the
fluorine content was increased from 0.6 to 4.0 wt%, T,
dropped from 61 to 11 ms. We previously reported that T,
could be significantly affected by the E content of similar
polymers because of the hydrophobic nature of the
fluorinated segments.31’ 3334 75 be more specific, in aqueous
solution, a high fluorine content can induce aggregation of
these units, which reduces the mobility of the BE huclei
resulting in short T, values. In our previous work, it was
observed that T; was not greatly affected by the change in
polymer dimensions.> 3* However, in this work, the T; of
HBIPF-3 was measured to be 102 ms, which is much shorter
than those of HBIPF-1 and 2. This is not surprising because T;
generally decreases with T, in a certain range of correlation
time in a fixed magnetic field.®® We thus assume that T, could
be significantly related to the composition or tacticity of the
copolymer chain. Since long T, and short T, relaxation times
are preferred for spin-echo imaging,30 it is essential to not only
achieve high fluorine content but also prevent the fluorine
nuclei from associating strongly.

Studies of Morphology

Owing to the incorporation of significant concentrations of
hydrophilic PEGMA monomer units, the as synthesised HBIP
and HBIPFs were water soluble. Nanoparticles could be formed
by direct dissolution of the polymers in water (1 mg mL'l), and
the particle size was measured by dynamic light scattering
(DLS) at 25 °C. As shown in Table 2, the number-averaged
diameter of all three HBIPFs was approximately 13 nm, which
was slightly larger than that of the HBIP, indicating an
increased size after chain extension. The size and morphology
were also studied by transmission electron microscopy (TEM)
(Fig. 3), and the majority of HBIPF-1 nanoparticles exhibited a
size of 6 nm, which was smaller than the size provided by

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Representative TEM images of HBIPF-1 nanoparticles in water. Inset is the number-averaged size statistics graph acquired

by DLS.

DLS. This is because DLS determines the hydrodynamic
diameter of the nanoparticles in aqueous solution, which is
generally larger than the size of dehydrated samples observed
by TEM experiments.70 Moreover, a number of large particles
(~12 nm) were also found in the TEM images. We propose that
a small amount of aggregations were formed owing to the
hydrophobic nature of fluorine and iodine units. Hence it could
be concluded that the HBPIFs could form nanoparticles with
size of ~13 nm in aqueous solution.

Degradation of HBIP in Reducing Environment

As mentioned above, the crosslinker DSDMA contains a
disulfide bond that is cleavable in the presence of reducing
agents. Therefore the HBIP and HBIPFs are expected to be
biodegradable. Test of the degradability were carried out by
using either TCEP or GSH as reducing agents, and the resultant
polymers were characterised by GPC. As shown in Fig. 4, the
original HBIP showed bimodal GPC peaks with retention times
of 14.4 and 15.6 min, which is a typical characteristic of
hyperbranched polymers synthesised by controlled radical
polymerisation in the presence of crosslinkers.* 7% 72 After
being treated with TCEP in methanol for 24 h, the peak at
shorter retention time (14.4 min) almost disappeared, and
only a single peak at longer retention time (15.6 min) was
observed, demonstrating degradation of the hyperbranched
structure via cleavage of disulfide bonds. Similarly, the HBIP
was also treated with GSH at a physiological concentration (10
mM)73 in PBS for 24 h, and the majority of the hyperbranched
polymers were degraded. It should be noted that the small
peak at 13.2 min arises from polymers formed by re-formation
of inter-molecular disulphide bonds on the degraded
fragments. We assume that the lower degradation efficiency
of GSH was caused by the relatively low concentration of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 GPC traces for HBIP before and after treatment by TCEP
and GSH.

reducing agent. Overall, the GPC results confirmed that
incorporation of the DSDMA
biodegradability to the hyperbranched polymers.

crosslinker can impart

Imaging performance: X-ray CT and °F MRI

The imaging performance of the HBIPFs was evaluated by in
vitro X-ray CT and FE MRI experiments. Each sample was
dissolved in PBS at four different concentrations and loaded in
clear glass vials (8 x 30 mm, 0.75 mL) for imaging tests. The
detailed concentrations and results are listed in Table 3.

J. Name., 2013, 00, 1-3 | 7
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Table 3 Sample concentrations, CT values and signal-to-noise ratio (SNR) of *’F MRI.

Sample [Polymer] [1 [1-9F] CT values 1T’F MRI
mg mL™ mg mL? Y mg mL™ M (HU) SNR
HBIPF-1 11.2 1.9 0.015 0.07 0.004 18.8432.3 1.96
224 3.8 0.030 0.14 0.008 66.3+30.4 2.55
56 9.5 0.075 0.36 0.019 278.3+30.3 7.77
112 19 0.150 0.72 0.038 571.9+30.9 10.83
HBIPF-2 10 1.9 0.015 0.10 0.005 33.6+28.8 2.30
20 3.8 0.030 0.20 0.010 90.6+28.5 23.23
50 9.5 0.075 0.50 0.025 304429.8 9.82
100 19 0.150 1.00 0.050 591.6+30.4 15.29
HBIPF-3 13.2 1.9 0.015 0.53 0.028 2.6130.4 2.67
26.4 3.8 0.030 1.06 0.056 46.3+32.8 4.21
52.8 7.6 0.060 2.11 0.111 167.1+31.3 9.07
105.6 15.2 0.120 4.22 0.222 333.1+30.9 14.75
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Owing to the high atomic number, and hence high x-ray cross-
iodine, iodine-based materials have been
extensively studied for CT molecular imaging.74 In recent years,

section of

iodine-containing particles and polymers have drawn much
attention, such as Iiposomes,75’ 7% emulsion particles,77’79 block
copolymer micelles,®® coordination ponmers,80 etc. However,
data on dendritic polymer-based agents is scarce. In this work,
the radio-opacity of the HBIPFs was evaluated by in vitro CT
experiments using an Inveon PET/CT scanner (Siemens). As
shown in Fig. 5 (A), all the sample solutions exhibited X-ray
opacity, which increased with the polymer concentration. In
addition, the CT attenuation (in Hounsfield units) of the region
of interest (ROI) showed a linear relationship with iodine
concentration (Fig. 5 (B)).

In a previous report, iodinated polymeric nanoparticles (58
wt% lodine) were prepared using the same iodine-containing
monomer by emulsion polymerisation.54 The radio-
opacification was measured to be 36211 HU for the
nanoparticle dispersion at 16 mg mL™ in water (equals to 9.28
mg mL™ iodine). In another paper, an emulsion based on
and stabilised by block
copolymers.79 These nanoparticles were utilised for in vivo CT

iodinated oils was fabricated

and tested using mouse models. The CT values for blood,
spleen and liver were measured after injection. It was
observed that the CT value was proportional to the iodine
concentration in the organs, which was calculated from the
change in the CT values. For example, the CT values for iodine
concentrations of 10 and 20 mg ml™ were 310£20 and
~620+40 HU, respectively. In our work, the CT values for the
sample with 9.5 mg mL™? ijodine were 278.3+30.3 HU and
304+29.8 HU for HBIPF-1 and HBIPF-2, respectively, while the
CT values for the sample with 19 mg mL? iodine were
measured to be 571.9+30.9 HU and 591.6+30.4 HU for HBIPF-1
and HBIPF-2, respectively. Because the CT values for specific
iodine concentrations were close to those reported in the
literatures, we suggest that the radio-opacity of the iodinated

8| J. Name., 2012, 00, 1-3
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Fig. 5 (A) In vitro CT phantom images of HBIPFs aqueous
solutions with different iodine concentrations. For HBIPF-1 and
HBIPF-2, C1 =0.015 M, C2 =0.030 M, C3 =0.075 M, C4 = 0.150
M. For HBIPF-3, C1 = 0.015 M, C2 = 0.030 M, C3 = 0.060 M, C4
= 0.120 M. (B) The corresponding CT values of ROl as a
function of iodine concentration.

This journal is © The Royal Society of Chemistry 20xx
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polymers was only related to the iodine concentration, and
was not significantly affected by the architecture, morphology
or composition of the polymeric materials. Notably, the CT
values of in vitro and in vivo studies were relatively close,
similarly suggesting that the radio-opacity was not affected by
the physiological environment. Therefore these results confirm
that the HBIPFs have the potential for application as in vivo CT
agents.

'H RARE 19F RARE

A HBIPF-1 HBIPF-1

HBIPF-2

C1 c2

=
Cc3 ..C4

HBIPF-2

C1

o
=l I )

C2
C4

HBIPF-3

o § c2

c3 ..hc4

Vi -
14 -~
B /» -~
y
/ /// ® HBIPF-1
T/ % B HBIPF-2
= v HBIPE-3
0 L Il 1L i
0.00 0.05 0.10 0.15 0.20 0.25

Fluorine concentration (M)

Fig. 6 (A) In vitro F MRI phantom images of aqueous solutions
of HBIPFs at different fluorine concentrations. The
concentrations are the same as those in Fig. 5. Note: 'H RARE
images were used for the localisation of the field of view. (B)
Signal-to-noise ratio (SNR) in F MRI as a function of fluorine
concentration.

This journal is © The Royal Society of Chemistry 20xx
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The NMR detectable *°F nuclei were confirmed by 19 NMR,
indicating that the HBIPFs developed here could have potential
as contrast agents for F MRI. The same solutions of HBIPFs
examined by x-ray CT were assessed by °F MRI. As depicted in
Fig. 6 (A), the HBIPF nanoparticles provided positive signals at
all concentrations. When the fluorine concentration was
relatively high (C3 and C4 for all the samples), the
nanoparticles could be particularly well imaged. From Fig. 6
(B), one can see that the signal-to-noise ratio (SNR) was
directly proportional to fluorine content. Moreover, the SNR
for HBIPF-2 was slightly higher than that of HBIPF-1 because of
the increase in fluorine content from 0.64% to 1%. However,
the SNR for HBIPF-3 was significantly lower than for the other
samples. This can be explained by the considerably increased
fluorine content (4%) causing aggregation of fluorine nuclei in
water and thus resulting in greatly shortened T, relaxation
times, as was revealed by ®F NMR.

As studied before, the T, relaxation time was shortened with
the increase of '°F content of the polymers due to the
increased association of *°F segments in aqueous solution.**3*
For example, at pH 4~7.4, the T,s of the sample CCS-2 (3.9 wt%
of *°F) were nearly half of those of the sample CCS-1 (2.3 wt%
of 19F), indicating the dramatically increased aggregation of °F
units at higher °F content. Consequently, the F MRI SNR of
CCS-2 was significantly lower than that of ccs-1.3* In this work,
similar results were obtained. The observation of lowest SNR
of HBIPF-3 is in accord with previous findings, supporting that
long T,s (mobile 9 nuclei) are preferred for spin-echo
imaging. However, the SNR of HBIPF-2 (1 wt% of *°F, T, = 38
ms) was slightly higher than that of HBIPF-1 (0.6 wt% of 9, T,
= 61 ms), confirming that F concentration was also another
crucial factor for *°F MRI. Therefore both high F content and
long T, are prerequisite for the design of F MRI CAs with high
efficiency.

Conclusions

In  conclusion, multifunctional hyperbranched polymers
containing iodine and fluorine were synthesised via RAFT
polymerisation. The content of iodine and fluorine could be
tuned by varying the monomer feed ratio for the chain
extension reaction. The HBIPFs could be degraded by
treatment of reducing agents such as GSH and TCEP, and thus
the polymer would be likely excreted in vivo. By direct
dissolution of the HBIPFs in water, nanoparticles were formed
with diameters between 10~15 nm. In aqueous solution, the
radio-opacity of these nanoparticles was confirmed by in vitro
CT experiments. In addition, solutions of the nanoparticles
could be visualised by E MRI. These results suggest that the
HBIPFs are promising molecular imaging agents for CT/19F MRI

bimodal imaging.
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Multifunctional Hyperbranched Polymers for CT/*°F MRI

Bimodal Molecular Imaging
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Multifunctional hyperbranched polymers containing iodine and fluorine were synthesised by reversible
addition-fragmentation chain transfer (RAFT) polymerisation, and evaluated as novel contrast agents for
CT/™F MRI bimodal molecular imaging.
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