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ABSTRACT
Two important challenges in the field of

19

F magnetic resonance imaging (MRI) are the

maintenance of high fluorine content without compromising imaging performance, and
effective targeting of small particles to diseased tissue. To address these challenges, we have
developed a series of perfluoropolyether (PFPE)-based hyperbranched (HBPFPE)
nanoparticles with attached peptide aptamer as targeting ligands for specific in vivo detection
of breast cancer with high

19

F MRI sensitivity. A detailed comparison of the HBPFPE

nanoparticles (NPs) with the previously reported trifluoroethyl acrylate (TFEA)-based
polymers demonstrates that the mobility of fluorinated segments of the HBPFPE nanoparticles
is significantly enhanced (19F T2 > 80 ms vs. 31 ms), resulting in superior MR imaging
sensitivity. Selective targeting was confirmed by auto- and pair correlation analysis of
fluorescence microscopy data, in vitro immunofluorescence, in vivo

19

F MRI, ex vivo

fluorescence and 19F NMR. The results highlight the high efficiency of aptamers for targeting
and the excellent sensitivity of the PFPE moieties for

19

F MRI. Of relevance to in vivo

applications, the PFPE-based polymers exhibit much faster clearance from the body than the
previously-introduced perfluorocarbon emulsions (t1/2 ~ 20 h vs. up to months). Moreover, the
aptamer-conjugated NPs show significantly higher tumor-penetration, demonstrating the
potential of these imaging agents for therapeutic applications. This report of the synthesis of
polymeric aptamer-conjugated PFPE-based

19

F MRI CAs with high fluorine (~ 10 wt %)

demonstrates that these NPs are exciting candidates for detecting diseases with high imaging
sensitivity.
Keywords:
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Over the past several decades 19F MRI has been demonstrated to have enormous potential for
applications in molecular imaging, including for cell tracking, sensing of oxygen partial
pressure and detection of disease.1-4 The
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F nucleus has 100% natural abundance and its

gyromagnetic ratio (40.06 MHz/T) is approaching that of protons, and thus MRI of fluorine is
potentially more sensitive than for other nuclei. Importantly, the absence of endogenous
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F

MR signal in the body, and the reported linear relationship between fluorine concentration and
resulting MRI signal intensity means that quantitative imaging experiments can be conducted.57

Measurement of the number of imaging agent molecules or particles within a particular

imaging volume element is often highly challenging for imaging agents based on paramagnetic
ions or particles.
Despite these manifest advantages, 19F MRI is less clinically relevant than 1H MRI.8, 9 This is
in part due to the requirement of a high local fluorine concentration within the imaging volume
whilst maintaining high segmental mobility of the fluorine-containing moieties of the
fluorinated compounds. A number of highly fluorinated molecules, such as perfluorinated
crown ethers (PFCE), perfluoropolyethers (PFPE) 10, 11 or highly-fluorinated small molecules
12

have been introduced to overcome these limitations. Emulsions of such highly fluorinated

molecules are the current state-of-the-art 19F MRI contrast agents (CAs) for preclinical and/or
clinical studies, however they have some limitations. For example, these emulsions are often
poorly stable particularly in blood and have long retention times in the body of up to months.
In response, researchers are actively examining fluorinated polymers as alternative
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F MRI

agents.13-17 Polymeric species have properties of high stability, controllable physicochemical
properties, relatively simple synthesis and, when appropriately designed, are cleared rapidly
from the body. However, a major limitation of fluorinated polymers as effective 19F MRI agents
is their low fluorine content (normally < 5 wt %), which leads to low sensitivity as compared
to fluoro-emulsions.18-25 Therefore, the application of polymeric 19F MR imaging agents for in
3

vivo studies is rarely reported and most studies have focused on the design and structural
optimization of the fluorinated polymers. For example, Guo et al. in 2016 reported a fluorinated
branched polyethylenimine (PEI) prepared using ethyl trifluoroacetate (TFAET) as the
fluorinated segment and lactobionic acid (LA) as the targeting ligand (PEI-LA-CF3, fluorine
content: ~10 wt %).26 In vivo experiments were successfully conducted and a good signal-tonoise ratio (SNR) in 19F MRI was achieved after a high-dose intravenous injection of 30 mg
PEI-LA-CF3. However, concerns must be raised over the safety of administration of PEI-based
polymers to the body at such a high dose, despite the authors having argued that the charge
density was largely minimized after conjugation of TFAET and LA. In order to reduce the
injection dose of fluorinated imaging agents to lower the health risks, perfluoropolyether-based
nanoparticles have been developed in our group with higher fluorine content (up to ~30 wt %)
and long 19F NMR spin-spin T2 relaxation times (> 80 ms in serum) to ensure high in vivo 19F
MRI sensitivity. Furthermore, the injection dose could be reduced to 4 mg of polymer per
mouse (body mass ~ 18 g) whilst maintaining excellent in vivo 19F MR imaging sensitivity.27,
28

The polymers introduced in this current report differ from the previously studied linear

copolymers by having a highly branched architecture and consequent higher content of PFPE
end groups. Such branched architecture is important for biomedical applications to provide
multiple functionalities for attachment of both targeting ligands and complementary imaging
modalities on a single molecule.
Active and specific targeting of diseased tissues is essential for diagnostic imaging and for
delivery of therapy to the site of disease. Peptide aptamers are promising recognition units that
can not only specifically bind to target molecules and cells, but also have demonstrated superior
tumor penetration compared with other targeting ligands, such as full antibodies.29, 30 Due to
their relative small size, low immunogenicity, excellent specificity and high affinity to targets,
peptide aptamers have attracted attention in various fields in which selective recognition units
4

are required. The simple and readily-accessible procedures for synthesis for peptide aptamers
is another advantage, thus facilitating facile conjugation to molecular imaging probes or
carriers.31, 32
Breast cancer is one of the leading causes of cancer-related deaths in women worldwide with
increasing incidence in developing countries.33 It has been widely reported that breast tumor
cells overexpress heat shock proteins which play a pivotal role in breast tumor development
owing to their intrinsic molecular chaperone properties.34 Rérole and co-workers have recently
demonstrated the synthesis of peptide aptamers with high affinity for this class of surfacepresenting proteins.35 Peptide aptamers can be readily modified with other functional groups,
such as imaging modalities and therapeutic segments, and thus have great potential as effective
platforms for specific detection and treatment of breast cancer.
In this report we describe the design of multi-functional PFPE-based nanoparticles conjugated
with a peptide aptamer as targeting ligand. The aptamer-conjugated PFPE-based nanoparticles
can not only specifically target the heat shock protein 70 (Hsp70) overexpressed in breast
cancer cells with high selectivity, but have high tumor penetration and can be rapidly cleared
from the body. Our results suggest that the PFPEs are promising candidates for the preparation
of sensitive partially-fluorinated polymers as
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F MRI CAs and demonstrate an exciting

direction for the preparation of next-generation 19F MRI CAs.
RESULTS AND DISCUSSION
Synthesis and characterization of hyperbranched perfluoropolyether-based (HBPFPE)
nanoparticles. In this report we describe the synthesis and evaluation of highly sensitive 19F
MRI contrast agents for the detection of breast cancer in vivo. Hyperbranched
perfluoropolyether-based (HBPFPE) nanoparticles (NPs) conjugated with targeting aptamers
were prepared by reversible addition-fragmentation chain transfer (RAFT) polymerization. The
use of RAFT chemistry imparts several advantages: all arms of the hyperbranched polymers
5

have well-defined end-groups which can be further functionalized with targeting ligands,
fluorescent chromophores or therapeutic drugs. The HBPFPE nanoparticles consist of
hydrophobic PFPE segments to provide an intense 19F MRI signal and oligo(ethylene glycol)
methyl ether acrylate (OEGA) as the hydrophilic monomer to enhance aqueous solubility. After
polymerization, the RAFT agent thiocarbonylthio groups residing at the termini of the chains
were reduced to thiols to allow conjugation of Cy5.5 dye and an appropriate aptamer peptide,
to enable in vivo optical imaging, determination of polymer biodistribution and ensure specific
recognition of breast cancer cells.
As illustrated in Figure 1A, a polymerizable macro-chain-transfer agent (macro-CTA) was first
prepared following previously reported procedures.27 The esterification reaction between
(propionic acid)yl butyl trithiocarbonate (PABTC) and monohydroxy PFPE was conducted
using the standard dicyclohexylcarbodiimide/4-dimethylaminopyridine (EDCI/DMAP)
coupling method. 1H and 19F NMR spectra of PABTC, monohydroxy PFPE and macro-CTA
in CDCl3 and the assignments to the spectra were shown in Figure S1 and S2, indicating the
successful synthesis of the PABTC-PFPE macro-CTA.
Homopolymers of OEGA with PFPE as terminal units (poly(OEGA)3-PFPE, Mn,NMR = 3100
g/mol, ƉM = 1.06) were prepared through RAFT polymerization. The extent of conversion of
OEGA monomer to polymer was ~ 89 %, as determined from the integrated intensities of
appropriate peaks in the 1H NMR spectrum of the crude sample (Figure S3). The poly(OEGA)3PFPE polymer was then used as a polymeric macro-CTA and further chain extended with
OEGA and ethylene glycol dimethylacrylate (EGDMA) monomers resulting in a
hyperbranched PFPE-based polymer with multiple functional chain ends in one molecule
(HBPFPE-0, Figure 1B). Confirmation of the successful synthesis of the HBPFPE polymer
was obtained via determination of the absolute molecular weight of the polymers using multiangle laser light scattering (MALLS) and size exclusion chromatography (SEC). The number
6

of chain ends on the hyperbranched polymers were also calculated by comparing the molar
mass for each arm determined by 1H NMR with the absolute molar mass determined from light
scattering by GPC-MALLS. The results are listed in Table S1.21, 36
In the next step, the terminal trithiocarbonate groups of the HBPFPE polymer were reduced to
thiol groups in the presence of hexylamine to allow attachment of fluorophores and/or targeting
ligands to the periphery of HBPFPE nanoparticles through thiol-maleimide ‘click’ chemistry.
The fluorophore used here was the Cy5.5 fluorescence dye with a maleimide functional group
(Ex/Em: 684/710 nm) to allow in vitro, in vivo and ex vivo tracking of the polymer (Figure
1Ci). The targeting ligand was a peptide aptamer (Figure 1Cii and Figure S4, sequence:
SPWPRPTY) with the N-terminus modified with a maleimide group to allow attachment to the
HBPFPE polymer by ‘click’ chemistry. The HBPFPE nanoparticles (unconjugated and
conjugated with aptamer) are denoted as HBPFPE-non and HBPFPE-apt, respectively. The
peptide aptamer has been shown to have high specificity for binding to heat shock protein 70
(Hsp70), which is over-expressed in many tumors.35 The successful conjugation of the aptamer
was confirmed from the 1H NMR spectrum in which the characteristic peaks of the aptamer
located at > 6.5 ppm are observed (Figure S5). The number of aptamers conjugated to the
polymer was calculated by comparison of the integrals of peaks due to the methylene protons
(2H) adjacent to the ester groups from OEGA and the hydroxyl group (1H) next to the benzene
ring from the aptamer. Such calculations indicate that one HBPFPE-apt polymer has
approximate three aptamers attached. The conjugation efficiency of Cy5.5 fluorescence dye
was determined to be 0.75 and 0.55 wt % for HBPFPE-non and HBPFPE-apt, respectively
(Figure S6). The observation of sharp and intense peaks in the
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F NMR spectra of both

polymers (Figure S7) confirms there were no large-scale changes in segmental dynamics of the
molecule on attachment of the peptide aptamer and dye. Moreover, we have confirmed that the
HBPFPE polymers are unimers by comparing the hydrodynamic sizes in CHCl3 and under
7

biological conditions (9.5 and 10.1 nm in CHCl3 compared to 6.5 and 7.8 nm in the presence
of FBS in PBS for HBPFPE-non and HBPFPE-apt, respectively).

Figure 1. Synthetic routes for preparation of the PABTC-PFPE macro-CTA and
hyperbranched PFPE-based nanoparticles. (A) EDCI/DMAP esterification between PABTC
and PFPE-OH was performed in trifluorotoluene (TFT). (B) Homopolymerization of OEGA
was conducted in the presence of PABTC-PFPE macro-RAFT agent. Chain extension was
performed to obtain the polymer HBPFPE-0. The conjugation of fluorescence dye molecules
(Cy5.5) and targeting ligands (peptide aptamer) was then performed using thiol-maleimide
“click” reactions. The HBPFPE nanoparticles without and with conjugation of aptamer are
8

denoted as HBPFPE-non and HBPFPE-apt, respectively. (C) The chemical structures of the
Cy5.5 fluorescence dye, peptide aptamer and the hyperbranched 2,2,2-trifluoroethyl acrylatebased (HBTFEA) polymer.20, 21
In order to be effective as a 19F MRI agent, the fluorine content of the polymer must be high
and the fluorinated segments must maintain large-amplitude segmental mobility in order to
achieve long transverse relaxation times (19F NMR T2 relaxation times) required by spin echo
or gradient echo MRI pulse sequences. Therefore, the 19F NMR properties of the HBPFPE NPs
were examined to confirm the suitability of these polymers as 19F MRI contrast agents. Sharp
and intense peaks can be observed in the 19F NMR spectra of the HBPFPE NPs in PBS at a
concentration at 20 mg/mL even in the presence of fetal bovine serum (FBS). As shown in
Table S1, the HBPFPE-0 polymer has a high fluorine content (~13.8 wt %) and long 19F NMR
T2 (86.5 ms), indicating likely high imaging intensity. The HBPFPE-non NP (conjugated with
Cy5.5 dye only) shows little change in its

19

F NMR properties compared with the polymer

without dye. The HBPFPE-apt NP (conjugated with both aptamer and dye) has a fluorine
content at ~ 10 wt % and long 19F NMR T2 relaxation time (86.4 ms), indicating again the likely
high 19F MRI sensitivity of HBPFPE-apt.
The hydrodynamic diameters (Dh) of HBPFPE-non and HBPFPE-apt, determined by
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diffusion-ordered spectroscopy (19F DOSY) NMR, were below 10 nm indicating the absence
of large aggregates despite the high fluorine content (Table S1). The absence of strong
intermolecular interactions ensures high mobility of the fluorinated segments and hence sharp
and intense 19F NMR signals. Several previous reports have shown that a high fluorine content
in polymers can lead to significant aggregation of the fluorinated segments and subsequent
decreased segmental mobility.23,

37

It should be noted that the NMR experiments were

performed in the presence of FBS, in order to simulate biological conditions. The use of

19

F

DOSY NMR for the measurement of Dh offers significant advantages over dynamic light
9

scattering (DLS) and 1H DOSY NMR in complex media such as simulated biological
environments or in the presence of fluorophores.38, 39
In order to demonstrate the advantages of PFPE as the fluorinated moiety, and the importance
of the incorporation of the OEGA block prior to formation of the HBP, we prepared two
additional copolymers. HBPFPE-0’ was prepared by RAFT copolymerization of OEGA and
EGDMA directly using the PABTC-PFPE macro-CTA (Scheme S1), i.e. without the OEGA
spacing block. Secondly, HBTFEA, a hyperbranched polymer incorporating 2,2,2trifluoroacrylate was prepared using PABTC as the RAFT agent (Scheme S1, Table S1, Figure
S8 and S9). Compared with HBPFPE-0, both control polymers exhibited a reduction in
segmental motion as evidenced by shorter 19F NMR T2 relaxation times (49.3 and 30.7 ms for
the HBPFPE-0’ and HBTFEA polymer, respectively). Such reduction in T2 can lead to line
broadening and attenuation of the

19

F NMR/MRI signal, and highlights the importance of

maintaining high segmental mobility in 19F MRI agents.5, 19, 27, 40, 41 The 19F MRI performance
of the HBPFPE nanoparticles was assessed by imaging of a range of solutions of varying
concentration (Figure 2C). The excitation and refocusing pulses were centered on the largest
peak in the 19F NMR spectrum at around -82 ppm (Figure 2B). A linear dependence of signalto-noise (SNR) can be observed for polymer concentrations in solution from 2.5 to 40 mg/mL.
A small but measurable signal was observed for the lowest concentration of 2.5 mg/mL (~15
mM and 13 mM fluorine for the HBPFPE-non and HBPFPE-apt, respectively) (Figure 2D).
This linear relationship between sample concentration and SNR indicates that the MRI signal
intensity was dependent only on the fluorine concentration. Highly fluorinated materials have
a tendency to aggregate in solutions at high concentrations, usually leading to a reduction in
19

F T2 (thus broadened resonances) and reduced imaging intensities. To confirm this behavior,

the

19

F NMR relaxation times T1 and T2 as well as Dh were measured at different solution

concentrations, and are listed in the table in Figure 2E and Table S1. Both relaxation times and
10

sizes did not change over this concentration range, indicating negligible change in spectral
densities of high (T1) or low (T2) frequency motions and aggregation states. These results lead
us to conclude that the HBPFPE nanoparticles are promising quantitative

19

F MRI contrast

agents with high sensitivity.

Figure 2. 19F NMR and MRI properties of the HBPFPE nanoparticles at a magnetic field of
9.4 T. (A) The chemical structure of the HBPFPE nanoparticles (HBPFPE-non: Cy5.5conjugated. HBPFPE-apt: Cy5.5- and aptamer-conjugated). (B) Typical 19F NMR spectrum of
HBPFPE-apt in PBS in the presence of 10 % of FBS and assignment to the spectrum. (C) 19F
MRI images of solutions of HBPFPE-non and HBPFPE-apt at a range of sample concentrations.
11

(D) The

19

F MRI signal-to-noise ratio (SNR) of HBPFPE-non and HBPFPE-apt increases

linearly with respect to concentration, indicating no concentration dependent aggregation. (E)
19

F NMR relaxation times measured for peak F1 for HBPFPE-non and HBPFPE-apt showing

no appreciable change as a function of concentration. The Table in part E of the figure reports
the mean ± standard deviation (SD, n = 3).
Investigate the binding efficiency of the HBPFPE nanoparticles to Hsp70 protein. In order
to investigate the binding efficiency of the HBPFPE nanoparticles to tumor cells, in vitro assays
were conducted on MDA-MB-468 breast cancer cells, which are known to overexpress the
Hsp70 protein.42 Experiments were conducted using both HBPFPE-non without attached
aptamer and HBPFPE-apt conjugated with both attached dye and aptamer. It was expected that
HBPFPE-apt would show significant enhancement in cellular uptake as compared to HBPFPEnon, since it has been widely reported that the PEG-based polymers show negligible nonspecific binding with these cells over short incubation times.43 To validate this hypothesis, cells
were incubated for 2 hours in the absence of polymer or in the presence of HBPFPE-non or
HBPFPE-apt. As illustrated in Figure S10, flow cytometry showed that both the number of
cells taking up polymer (84.2 % vs. 34.3 %) and mean fluorescence intensity (9.7 × 106 vs. 5.8
× 106) of the cells incubated with the aptamer-conjugated HBPFPE-apt are significant higher
than for HBPFPE-non which lacks the targeting aptamer. Confocal microscopy images further
confirmed significant uptake of the aptamer-conjugated polymer, with fluorescence detected
through the Cy5.5 channel and shown in red color, but much reduced Cy5.5 fluorescence
observed for cells incubated with HBPFPE-non (Figure S11). The combined flow cytometry
and confocal results suggest that the HBPFPE nanoparticles with attached aptamer exhibit
significantly higher uptake into the MDA-MB-468 cells, making them good candidates for
detection of breast cancer tissue in vivo with high specificity.

12

The specific nature of the binding of the aptamer to Hsp70 was examined by
immunofluorescence staining followed by confocal microscopy analysis. The presence of
Hsp70-binding sites at the cell surface (green) was confirmed and shown in Figures 3A and
S12. Enhanced red fluorescence of cells incubated with the HBPFPE-apt nanoparticle but
without the free aptamer indicates the higher uptake of HBPFPE-apt compared with HBPFPEnon. Quantitative analysis of the image data revealed that the co-localization of HBPFPE
nanoparticle with Hsp70 was significantly increased by conjugation to the aptamer (Figure 3B).
Furthermore, incubation in the presence of free aptamer significantly reduced the uptake of
HBPFPE-apt, but had no obvious effect on the uptake of HBPFPE-non (Figure S13). These
results clearly demonstrate that conjugation to the aptamer allows the nanoparticle (HBPFPEapt) to be recognized specifically by Hsp70 located on the surface of cells, and leads to an
enhanced cellular uptake.

13

Figure 3. Comparison of cell uptake of aptamer-conjugated HBPFPE-apt and unconjugated
HBPFPE-non. (A) Intracellular co-localization of HBPFPE nanoparticles and Hsp70 protein.
MDA-MB-468 breast cancer cells grown on glass coverslips, were incubated with Cy5.5labelled HBPFPE nanoparticles (red; 0.1 mM in culture medium) without the addition of free
aptamer for 1 h, 37 °C, then fixed with 2% PFA, stained with Cy2-conjugated anti-Hsp70
antibody (green) and nuclei counterstained with DAPI (blue). Single color images were taken
with a confocal microscope. (B) Quantitative analysis of the co-localization of HBPFPE
nanoparticles and Hsp70 protein. Student’s t-tests were performed with five single cells for
each case (*** P < 0.001). (C) Snapshots taken at 0 and 18 ns of the atomistic molecular
dynamics simulation illustrating the contact between the HBPFPE nanoparticles and Hsp70
14

protein on the cell surface. The aptamer is red, the Hsp70 protein in yellow, the PFPE segments
are orange and the cell membrane is shown in dark and light blue.
Atomistic molecular dynamic (MD) simulations were performed to help understand, at the
molecular level, interactions between the HBPFPE nanoparticles (with or without attached
aptamer) and Hsp70 protein on the surface of the cell membrane.44 To reduce the computation
time, MD simulations were conducted on a linear PFPE-based polymer (20 units of OEGA and
one PFPE segment, poly(OEGA)20-PFPE). The Hsp70 protein has two major functional
domains: an N-terminal nucleotide-binding domain (NBD) of ~40 kDa and a C-terminal
substrate-binding domain (SBD) of ~30 kDa, connected by a hydrophobic linker.35, 45 In the
current simulation, the Hsp70 protein was inserted into the cell membrane with the SBD
domain exposed. The interactions of the polymer chain with the cell membrane were simulated
under near-physiological conditions (150 mM NaCl) for approximately 18 ns.
Figure 3C shows snapshots from the MD simulations of the interactions of the polymers with
the cell membrane with inserted Hsp70 protein. In the case of HBPFPE-non, the polymer was
not observed to interact with the Hsp70 protein for further insertion into the interior of the lipid
bilayer. Therefore, the cellular uptake of HBPFPE-non was not a result of the specific binding
and recognition with the Hsp70 protein. However other uptake pathways, such as passive
diffusion, could still be operative. (Figure 3C left). However, the incorporation of the aptamer
in HBPFPE-apt changes dramatically the behavior. The aptamer was observed to specifically
bind to the C-terminus of the SBD domain of the Hsp70 protein (Figure 3C right), leading to
extended retention of HBPFPE-apt on the surface of cell membrane and thereby facilitating
higher cellular uptake. The combination of MD simulations and experimental FACS and
confocal studies of cellular uptake leads to a more complete understanding of how the highly
fluorinated polymer interacts with the cell membrane in the presence of the Hsp70 protein.

15

Transport of the HBPFPE nanoparticles across cellular barriers. To examine the transport
of the HBPFPE nanoparticles across various barriers, auto- and pair correlation microscopy
were employed. These methods allow the quantification of mobile HBPFPE nanoparticles,
with and without the peptide aptamer functionalization, in subcellular compartments and the
ease of transport across cell barriers such as the plasma membrane and the nuclear envelope.46,
47

The MDA-MB-468 cells were incubated with HBPFPE nanoparticles for four hours, then a

continuous line-scan measurement with a confocal microscope was performed spanning from
the extracellular space (EXC) through the cytoplasm (CYTO) to the nucleus (NUC) of the cell
under examination. The line scan then allowed acquisition of intensity kymographs for autoand pair correlation analysis. The detailed workflow of the auto- and pair correlation analysis
are shown in Figure S14.
The local distribution of mobile polymers in the three cellular compartments (EXC, CYTO and
NUC) was calculated from the autocorrelation function, and shown in Figure 4A. It was
observed that the concentration of mobile HBPFPE-apt in both the cytoplasm and nucleus was
higher than HBPFPE-non. Significantly, the concentration of mobile HBPFPE-apt at the pixels
(average of three pixels with a pixel size of 300 nm) corresponding to the location of the plasma
membrane region was significantly higher than HBPFPE-non (38.7 and 4.7 particles per pixel,
respectively, Figure 4B), while the modification with aptamer had no significant impact on the
number of mobile HBPFPE nanoparticles at the nuclear envelope (average of three pixels).
These observations indicate that the Hsp70 protein located on the cellular surface can aid the
HBPFPE-apt polymers to cross the plasma membrane resulting in a higher particle
concentration in the cytoplasm. Such a conclusion is in agreement with the
immunofluorescence images in Figure 3. Additional studies of the mechanism of NPs crossing
the plasma membrane, e.g. through passive diffusion or energy-dependent pinocytosis, will be

16

reported separately as these measurements are complex and can be influenced by factors such
as NP size, shape and surface chemistry.48
The pair correlation function was applied to calculate the transit times of polymers within
cellular compartments and crossing cellular barriers at a given distance (δr = 8 pixels, pixel
size of 300 nm). This was performed by extracting the value of the transit time at the peak of
the pair correlation function for every pixel along the imaged line. The transit times of
HBPFPE-apt and HBPFPE-non exhibited no significant difference in the three subcellular
compartments (Figure 4C). This similarity in transit times between the two polymers can be
attributed to the similar size of HBPFPE-non and HBPFPE-apt. The transit times of the
polymers crossing the two major cellular barriers (the plasma membrane and nuclear envelope)
were also calculated and are shown in Figure 4D. These data indicate that passage of HBPFPEapt across the plasma membrane was significantly faster than for HBPFPE-non; consistent with
the observed higher cytoplasmic concentration of the aptamer-conjugated polymer. While it
was found that the nuclear envelope constituted a more significant barrier for these polymers
than the plasma membrane, no significant difference was observed in the number and transit
times of the two types of polymer crossing the nuclear envelope. This is an important result as
it suggests that the higher nuclear concentration of HBPFPE-apt in the nucleus was a result of
the higher cytoplasmic concentration and not by an altered nuclear import/export mechanism.
To be more specific, passive diffusion of HBPFPE-non and HBPFPE-apt across the nuclear
envelope through the nuclear pore complexes (NPC) is believed to be the main pathway for the
HBPFPE NPs entering into the nuclei. These NPs are small molecules (Mw < 40 kDa and Dh <
10 nm) and are able to pass through NPC by passive diffusion as shown in several previous
studies.49, 50
In summary, the correlation analysis revealed a higher concentration of mobile HBPFPE-apt
compared to HBPFPE-non within the cytoplasm, and faster transport across the cytoplasm as
17

well as a higher concentration in the nucleus. Thus the data suggests a higher rate of uptake of
aptamer-modified polymer into the cell, while the transport across the nuclear envelope, the
rate-limiting step in nuclear accessibility, remained unaltered.

Figure 4. Measuring the subcellular distribution of HBPFPE nanoparticles and their mobility
across subcellular barriers. Fluorescence intensity data were acquired along a line that spans
from the extracellular space (EXC) to the cytoplasm (CYTO) and nucleus (NUC) of single
cells. (A) and (B) The local concentration of mobile HBPFPE nanoparticles in the three cellular
compartments and at the cellular barrier located pixels, the plasma membrane (PM) and nuclear
envelope (NE), extracted from autocorrelation analysis. Error bars are standard deviation. (C)
and (D) Transit times reflecting mobility within the cellular compartments and across the
cellular barriers. For each condition five cells were analyzed and two line scans were acquired
per cell. This resulted in n = 10 measurements; ns, not significant; P > 0.05; *P < 0.05; **P <
0.01 (t-test).
18

In vivo detection of breast cancer by 19F MRI and optical imaging. The effectiveness of the
HBPFPE nanoparticles as dual-mode molecular imaging agents for specific detection of
disease in vivo was demonstrated on a MDA-MB-468 subcutaneous murine tumor model
(Figure 5). PBS solutions of either of the HBPFPE nanoparticles (ca. 2.0 mmol kg-1 19F) were
administered to three mice (nine-week-old tumor-bearing female mice). It should be noted that
the dose applied in the current study is much lower than previously reported for a partlyfluorinated asymmetric molecule (ca. 30-60 mmol kg-1)51 and PEI-LA-F3 (ca. 7.5 mmol kg-1),26
indicating the outstanding in vivo 19F MRI sensitivity of our HBPFPE nanoparticles.
As shown in Figure 5A and B, both 19F MR and fluorescence images show clearly the presence
of HBPFPE nanoparticles in the major organs after injection, highlighting the high intrinsic
sensitivity and complementarity of these two imaging modalities. This dual-modal imaging
agent combines the high sensitivity and relative low-cost advantages of fluorescence imaging
with the capability of high anatomical resolution of MRI. As is illustrated in Figure 5A, the
biodistribution of each HBPFPE polymer was determined at regular intervals, at 1, 2, 4, 6, 8,
24 and 48 h post injection (PI). In the initial 2 hours post injection, the HBPFPE nanoparticles
show similar excretion pathways through hepatic and renal clearance. It is widely reported that
the clearance of molecules through renal excretion is highly size-dependent and neutral
nanoparticles with < 8 nm in diameter are able to pass through the renal fenestrations.52 The
sizes of the HBPFPE nanoparticles after the conjugation of dye and/or aptamer were measured
by 19F DOSY NMR in the presence of serum to be below 8 nm (6.5 and 7.8 nm for HBPFPEnon and HBPFPE-apt, respectively; see Table S1 and Figure S15). Accumulation of polymer
in the liver was also observed, indicating rapid recognition and uptake by the liver. This is in
line with previous reports that the elimination of particles with a size range below 20 nm can
occur through the normal drainage organs, such as the liver.53,

54

On the other hand, the

incorporation of OEG segments in polymers has been widely reported to prolong the
19

circulation time in blood and reduce the uptake by the mononuclear phagocyte system (MPS),
such as the liver and lung.55, 56 It is likely that exposure of the hydrophobic PFPE segments of
the HBPFPE polymer enhances recognition and filtration by the liver for hepatic clearance.
At longer times following injection, both HBPFPE nanoparticles were mainly detected in the
liver and at 48 h post injection the fluorescence signals from the whole body (excluding the
tumor region) were negligible, indicating that clearance of the HBPFPE nanoparticles from the
body was complete after approximately two days. However, much stronger fluorescence can
be observed in the tumor region after injection of HBPFPE-apt compared to HBPFPE-non.
This highlights the efficiency of the aptamer as a targeting ligand for in vivo recognition of
breast cancer cells, in line with the in vitro cell uptake results shown in Figure 3 and 4. In
addition, at the study end point at 48 h PI, detailed ex vivo biodistribution studies were
performed as discussed in a later section.
Quantitative fluorescence imaging has been widely applied to determine the biodistribution
and half-lives of nanoparticles in vivo.57,
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Therefore, in the current study normalized

fluorescence intensities over the whole body region were measured using the Fiji software and
plotted as a function of time to generate biodistribution profiles of the HBPFPE nanoparticles
(Figure 5Ci). On the basis of the decay in fluorescence intensity of the whole body the in vivo
residence half-life, t1/2, of the HBPFPE nanoparticles was estimated by the first-order fitting of
the decay in fluorescence intensity to be approximately 26.1 h and 17.6 h for HBPFPE-non and
HBPFPE-apt, respectively. In comparison, the in vivo residence half-lives of perfluorocarbon
nanoemulsions are reported to be months or longer.24, 51, 59 The much faster clearance of the
HBPFPE nanoparticles from the body highlights one of the main advantages of the HBPFPE
nanoparticles as

19

F MRI CAs.

19

F MRI offers rich functional and pharmacokinetic

information. Furthermore, the combination of 1H and

19

F MRI can be achieved by

superimposing the highly selective 19F images over the high-resolution anatomical 1H images
20

through the use of doubly tuned MRI coils, which are becoming available in many hospitals.
As shown in Figure 5B, 19F MR images of mice along with a reference tube (19F signal intensity
set to be 1.0) were acquired to visualize and quantify the distribution of the HBPFPE
nanoparticles in various tissues. Both coronal and axial MR images (the 1H MR images are
overlaid with the 19F images) were acquired at 48 h post injection of the HBPFPE nanoparticles.
In vivo

19

F MR signals of both HBPFPE nanoparticles can be clearly detected in the tumor

region, indicating again the outstanding sensitivity of the HBPFPE nanoparticles as 19F MRI
contrast agents. The amount of HBPFPE polymer within the tumor volume was calculated by
comparison with the signal intensity of the reference tube. At 48 hours following injection of
the HBPFPE nanoparticles, the intra-tumoral content of polymer was found to be 0.84 and 2.37
for HBPFPE-non and HBPFPE-apt, respectively (numbers are relative to the intensity of the
reference tube). The enhanced accumulation (2.8 times larger) of the aptamer-conjugated
HBPFPE-apt in the tumor is in line with the results of in vitro cellular uptake and in vivo
fluorescence imaging studies, indicating again the high efficiency of the aptamer as a targeting
ligand for detection of breast cancer. Notably, although most of the injected PFPE-based
polymer was excreted after 48 h, the 19F signal could be still detected in the liver (Figure 5B).
This observation could be result of digestion of the HBPFPE in the liver, however we have no
direct evidence of degradation. Alternatively, the change in T2 relaxation time could reflect
that the local environment experienced by the molecule in vivo is different from that used in
the in vitro experiments. We have previously shown that the conformational and NMR
properties of partly-fluorinated polymers of this and similar structure are very sensitive to the
local environment, e.g. pH, ionic strength.5, 6, 20 These observations therefore highlights the
challenges of designing highly stable or discrete fluorinated imaging agents for ultra-fast and
uniform clearance from the liver.60
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Several additional points need to be highlighted for the current study. Firstly, the tumor model
we used in this proof-of-concept study was a subcutaneous tumor model with diameter of ~ 1
cm. Future studies will investigate the detection limits of PFPE-based polymers in orthotopic
models with smaller tumor sizes (diameter < 1 cm). Secondly, in the current

19

F MRI

experiments, one slice was acquired to gain maximum signal intensity for elucidating NP
accumulation in tumor. In future studies, multiple slice

19

F MR images with smaller slice

thickness will be collected to improve the imaging resolution. Finally, the balance between the
imaging efficiency and clearance rate should be taken into careful consideration. In this study,
the HBPFPE-apt polymer provides high intra-tumoral 19F MRI signal, and sufficient imaging
SNR for the detection of breast cancer. Given such a high imaging sensitivity, fast clearance is
preferred to reduce the potential for toxicity to normal organs. Overall, however, the in vivo
19

F MRI experiments conducted in this study provide an exciting example of the application of

PFPE-based polymeric imaging agents for specific detection of diseases in vivo by 19F MRI,
and will accelerate the clinical translation of these HBPFPE polymers.
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Figure 5. Demonstration of utility of HBPFPE nanoparticles for molecular imaging using a
mouse subcutaneous MDA-MB-468 tumor model. For each mouse, 100 µL of HBPFPE-PBS
solution (2 mmol fluorine per kg = 288 and 380 mg per kg or 5.8 and 7.6 mg/mouse for
HBPFPE-non and HBPFPE-apt, respectively) were injected intravenously via the tail vein (n
= 4/group). (a) Fluorescence images of mice following intravenous injection of HBPFPE-non
and HBPFPE-apt at different time points from 1 h to 48 h PI. The fluorescence images are coregistered with X-ray images of the mice following intravenous injection of the polymer
solution. (b) Coronal and axial MRI images at 9.4 T of the tumor-bearing mice following
intravenous injection of HBPFPE nanoparticles at 48 h PI. The high-resolution 1H MR images
are overlaid with the 19F MR images (acquisition time: 1 minute 36 seconds and 10 minutes 40
23

seconds for 1H and 19F MRI, respectively). A solution of HBPFPE-non in an NMR tube (300
µL of 5 mg/mL) was used as an internal reference. The white arrow in Figure 4A and B
indicates the tumor sites. (C) Normalized fluorescence (i) and

19

F MRI (ii) intensities post

injection of the HBPFPE nanoparticles. The half-lives of HBPFPE NPs were obtained by the
first-order decay fitting of all data points in shown in Figure 5Ci. Data in (c) are mean ±
standard deviation (SD). *** P < 0.001 Student’s t-test.
Ex vivo evaluation of biodistribution and NMR properties of the HBPFPE nanoparticles.
At the study end point at 48 h PI, the tissue and organs were harvested (tumor, liver, kidney,
lung, spleen, heart and blood) and ex vivo fluorescence images measured to obtain information
on the end point biodistribution (Figure 6A). The biodistribution was then determined by
dividing the fluorescence intensity of each organ by the weight of the organ. As shown in
Figure 6B, both HBPFPE nanoparticles remained largely in the tumors due to the enhanced
permeability and retention (EPR) and/or specific ligand interaction effects. To be more specific,
the intra-tumoral fluorescence intensity for HBPFPE-apt is approximately 3-fold higher than
for HBPFPE-non, revealing again the high efficiency in recognition and uptake by cancer cells
of the aptamer-conjugated HBPFPE-apt. The relatively high fluorescence signal observed in
the liver might be due to the phagocytosis of particles via the MPS, because signals from other
organs involved in the MPS, such as the lung and kidney, can be also observed. This
observation was supported by the conclusions obtained from the in vivo biodistribution study,
which showed that the NPs can be taken up and cleared by the MPS, and that NPs with
conjugated aptamer showed much higher signal intensity than the non-conjugated molecules.
We did not observe penetration through the blood-brain barrier (BBB) for both HBPFPE
polymers, due to the high molecular weight of the polymer (> 20 kDa). It was previously
reported that the BBB can restrict entry by NPs with molecular weight highers than ca. 600
Da.61
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To understand further the behavior of the polymers in vivo, the 19F NMR spectra and relaxation
times of the HBPFPE nanoparticles within the excised tumor (48 h PI) were measured and are
shown in Figure 6C and D. These important measurements provide information on whether
fluorine mobility (and hence imaging performance) changes with pH or different redox
environments that are typically encountered within the intracellular compartments.21 A tube
containing a solution of TFA was again used as the internal reference for both chemical shift
and intensity (set to -76.55 ppm and 1.0, respectively) of peaks in the NMR spectrum of the
PFPE segments. As shown in Figure 6C, the integrals of the fluorinated methyl and methylene
chemical group in HBPFPE nanoparticles (peak F1, Figure 2B) were measured to be 0.03 and
0.11 (compared with the TFA reference) for tumor containing HBPFPE-non and HBPFPE-apt,
respectively. These values are in strong agreement with the in vivo observations, where the
fluorescence and

19

F MRI signal intensities of tumors are higher for HBPFPE-apt compared

with HBPFPE-non. These experiments suggest that the specificity of the PFPE-based polymer
for MDA-MB-468 tumors in vivo is significantly enhanced by conjugation with the aptamer.
The 19F NMR T1 and T2 relaxation times of HBPFPE-apt were also measured to evaluate the
mobility of the PFPE segments within the tumor cells at 37 oC (Figure 6D). The T1 and T2
relaxation times were measured using the standard inversion-recovery and Carr-PurcellMeiboom-Gill (CPMG) pulse sequences, respectively. Importantly, a high 19F T2 at 107.3 ms
was obtained, indicating high intra-tumoral segmental mobility of the fluorinated segments. It
can be thus concluded that the cellular internalization of the polymer does not appreciably
affect the NMR and MRI properties. This measurement is an important example of testing the
19

F NMR performance of fluorinated polymers in real-tumor environments.

In order to assess the toxicity of the HBPFPE nanoparticles, we examined the effect of the
administration of HBPFPE nanoparticles on normal organs, including liver, kidney, lung,
spleen and heart, by hematoxylin and eosin (H & E) stains. As shown in Figure 6E, no
25

noticeable sign of organ damage was observed from the H & E stained organ slices, suggesting
the safety of applying HBPFPE nanoparticles as molecular imaging agents. Furthermore, the
in vitro cytotoxicity of the HBPFPE nanoparticles was tested against MDA-MB-468 breast
cancer cells via an MTS cell viability assay. The HBPFPE nanoparticles had little effect on cell
viability in the concentration ranges from 2 to 15 mg/mL at a 24 h incubation time (Figure S16).

Figure 6. Ex vivo fluorescence,

19

F NMR and histological analysis. (A) Co-registered X-ray

and fluorescence images and (B) quantified biodistribution data collected ex vivo of harvested
mice organs 48 h PI of PBS, HBPFPE-non and HBPFPE-apt. The plots are of the mean ± SD
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(n = 4 mice/group). (C) Intra-tumoral 19F NMR spectra and (D) 19F NMR T1 and T2 relaxation
curves and times of polymer within the tumor 48 h after injection. The temperature was set to
37 oC during NMR acquisition. The relaxation times of the HBPFPE nanoparticles at a field
strength of 9.4 T were measured for the peak F1. (E) Histological sections in the acute toxicity
test (H & E staining, 40 x). The scale bar represents 20 µm. There are no apparent
histopathologic changes observed in the tissues, including lung, heart, liver, kidney, and
spleen for both HBPFPE-non and HBPFPE-apt.
The HBPFPE-apt nanoparticles have superior tumor penetration performance. Having
established that the aptamer-conjugated PFPE-based polymer has excellent binding efficiency
to the MDA-MB-468 tumor, we proceeded to investigate the ability of these PFPE-based
polymers to penetrate a solid tumor. For this purpose, MDA-MB-468 tumor-bearing mice were
intravenously injected with HBPFPE nanoparticles and the tumors excised 48 h PI for paraffin
embedding. Transverse tissue sections through the whole tumor (thickness = ~ 8 µm) were
examined by fluorescence microscopy. Fluorescence images of the tumor sections were
obtained after applying mounting media containing DAPI for staining the nuclei. The
distribution of the polymers is displayed in Figures 7 and Figure S17. The Cy5.5 signal from
HBPFPE-non was detected primarily in the periphery of the tumor while the aptamerconjugated HBPFPE-apt can be found largely in the interior of the tumor (shown in red). The
intra-tumoral distribution of the HBPFPE nanoparticles with or without attached aptamer was
also analyzed by measuring the variation in the fluorescence intensity within a rectangular
section drawn from inside of the tumor to a remote area (Figure 7C and D). Consistent with
fluorescence microscopy observations, the Cy5.5 signal peaks of HBPFPE-non can be only
observed when the line crosses the surface of the tumor. In sharp contrast, intense Cy5.5 signal
can be detected in both the interior and periphery of the tumor, indicating greater penetration
of the aptamer-conjugated HBPFPE-apt.30 These outcomes indicate that the aptamer27

conjugated PFPE-based polymers can more readily penetrate throughout the center of solid
MDA-MB-468 tumors. Tumor penetration is highly dependent on the polymer concentration
at the surface of the solid tumor. Therefore the low penetration to the inner parts of the tumor
by HBPFPE-non is likely due to low accumulation of the polymer at the tumor surface.
Alternatively the higher penetration of HBPFPE-apt could be due to specific binding between
HBPFPE-apt and Hsp70 protein. Hsp70 protein was reported to be widely present in the
intercellular space.62 Thus binding to the Hsp70 protein can accelerate the transport of
HBPFPE-apt from the surface to inner parts of the tumor through the intercellular spaces.63
Meanwhile, previous reports have also revealed that conjugation of aptamer can not only
enhance penetration of the tumor but also can increase the retention time in the tumor.30, 64 The
higher capacity for tumor penetration of HBPFPE-apt is likely to be important for theranostic
applications.

Figure 7. Intra-tumoral distribution and penetration of HBPFPE nanoparticles. Representative
fluorescence micrographs of tumor sections 48 h PI of HBPFPE-non (A) and HBPFPE-apt (B).
The images were taken at low magnification with 2.5 X (left) and high magnification with 20
28

X (right) objective, respectively. (C) and (D) Averaged DAPI and Cy5.5 fluorescence
intensities in a selected rectangle regions drawn from outside to inside of the tumor section
(blue = DAPI and red = HBPFPE nanoparticles).
CONCLUSIONS
In summary, we have developed a PFPE-based platform for the preparation of multi-functional
polymeric

19

imaging and

F MRI CAs for in vivo detection of breast cancer cells by both fluorescence
19

F MRI. These HBPFPE nanoparticles have the highest fluorine content and

imaging sensitivity reported for polymeric

19

F MRI CAs. The structural characteristics,

19

F

NMR and MRI properties, in vitro cell uptake, intracellular distribution and trafficking, in vivo
and ex vivo molecular imaging as well as tumor-penetration are studied in detail. The results
collectively indicate that the PFPE-based 19F MRI CAs conjugated with targeting aptamers are
excellent candidates for the specific detection of breast cancer in vivo by 19F MRI. The much
faster clearance of these PFPE-based polymers nanoparticles compared with perfluorocarbonbased emulsions (t1/2, ~ 20 h vs. months) is expected to significantly reduce the burden to
normal organs. Moreover, the extensive tumor-penetration of the aptamer-conjugated
nanoparticles highlights that these imaging agents can be applied for both effective diagnosis
and treatment of diseases. Our study indicates that the PFPE-based nanoparticles are promising
19

F MRI CAs for detection of diseases in vivo, and provides critical design parameters for

fluorinated polymeric imaging agents.
EXPERIMENTAL SECTION
Materials. All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Oligo(ethylene
glycol) methyl ether acrylate (OEGA, MW = 480 g/mol), ethylene glycol dimethylacrylate (EGDMA)
and 2,2,2-trifluoroethyl acrylate (TFEA) were passed through basic alumina columns to remove
inhibitors prior to use. Monohydroxy perfluoropolyether (PFPE-OH, ~1450 g/mol) was supplied by
Apollo Scientific Ltd, UK. 2,2′-Azobis(2-methylpropionitrile) (AIBN) was recrystallized twice from
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methanol before use. The RAFT agent (propanoic acid)yl butyl trithiocarbonate (PABTC) were
synthesized according to a previously reported procedure 65. Cyanine5.5 maleimide was purchased from
Lumiprobe. Milli-Q water with a resistivity of 18.4 MΩ/cm was used for the relevant experiments. The
dialysis tubing with molecular weight cut-off (MWCO) of 3.5 kDa was purchased from Thermo Fisher
Scientific Inc. and Spectrum Laboratories Inc., respectively.
Dulbecco’s modified Eagle medium (DMEM) with high glucose, phosphate-buffered saline (PBS),
Tryple Express, fetal bovine serum (FBS) and antibiotic-antimycotic (AA) were purchased from
ThermoFisher Scientific. Mounting media with DAPI was purchased from Vector Laboratories.
CellTiter 96® AQueous one solution cell proliferation assay (MTS) were purchased from Promega. The
MDA-MB-468 cell line (ATCC® HTB-132™) was purchased from American Type Culture Collection
(ATCC). Anti-Hsp70 antibody (2A4; ab5442) was obtained from Abcam (Cambridge, UK), anti-mouse
IgM secondary antibody and streptavidin Cy2 from Jackson ImmunoResearch (West Grove, PA).
The peptide aptamer with maleimide modification was synthesized by Mimotopes Australia with
peptide sequence as follows: SPWPRPTY (Mw=1196.2 dalton). The mass and 1H NMR spectra are
shown in Figure S4.
NMR spectroscopy. 1H NMR spectra were obtained of solutions of the polymer in CDCl3 using a
Bruker Avance 400 MHz (9.4 T) spectrometer to analyze the conversion of monomer to polymer and
the structure of the polymers. Solution spectra were measured under the following measurements
conditions: 90o pulse width 14 µs, relaxation delay 1 s, acquisition time 4.1 s and 32 scans. Chemical
shifts are reported relative to the residual solvent peak.
19

F NMR spectra were acquired using a Bruker Avance 400 MHz spectrometer with PBS/D 2O (90/10,

v/v) as solvent with the presence of 10 % fetal bovine serum (FBS). The 19F NMR spectra of tumors
were collected by squeezing the tumor in a 5 mm NMR tube filled with PBS/D2O solution. The spectra
were measured under the following measurements conditions: 90o pulse width 15 µs, relaxation delay
2 s, acquisition time 0.73 s and 64 scans.
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F spin-spin relaxation times (T2) were measured using the Carr-Purcell-Meiboom-Gill (CPMG) pulse

sequence at 310 K. The samples were dissolved in PBS/D2O (90/10, v/v) in presence of FBS at a
concentration of 20 mg/mL. The 90o pulse was determined by dividing with a 360o pulse width, at which
the NMR signal is zero. The relaxation delay was 2 s and the number of scans is 16. The relaxation
times for the major peaks only are reported.
19

F spin-lattice (T1) relaxation times were measured using the standard inversion-recovery pulse

sequence. For each measurement, the relaxation delay was 2 s and the number of scans was 16. Only
values for the major peaks are reported.
The

19

F NMR T1 and T2 relaxation times of the tumor were collected under similar conditions as

described above. The number of scans were increased to 256 due to the lower 19F signal in tumor than
that in solution.
19

F NMR diffusion-ordered spectroscopy (DOSY) was conducted for determination of size of polymer

in serum. Diffusion coefficients (D) for each sample were calculated by fitting the decay of NMR signal
intensity to a mono-exponential function. The Dh was then calculated by applying the Einstein-Stokes
equation:
𝐷ℎ = 𝑘𝐵 𝑇/(3𝜋𝜂𝐷)
Where 𝜂 is the dynamic viscosity, T is the absolute temperature and kB is the Boltzmann constant.
Fluorescence microscopy. For the experiments presented in Figure 3A, S11, S12 and S13: cells were
seeded into a 24 well plate on coverslips and incubated with polymer solutions (100 µM in complete
medium). Following 2 h incubation, the cells were washed twice with PBS, then cells were fixed in 4%
paraformaldehyde (PFA) solution (0.5 mL) for 10 minutes at 37 oC. The PFA was then removed and
the cells washed twice with PBS and once with water. Nuclei were stained by incubation of fixed cells
with DAPI for 10 minutes. Coverslips were then mounted onto glass microscope slides for examination
under a confocal microscope Zeiss LSM 710.
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For the experiments presented in Figure 4: Cy5.5-labelled HBPFPE-non and HBPFPE-apt polymers
were measured using 633 nm excitation and 656-758 nm emission ranges. Then a line scan was
performed going from the extracellular matrix into the nucleus.
Auto- and pair correlation data analysis. The auto- and pair correlation analysis was conducted as
described previously37 using a custom written Matlab code (available on request). In brief, the
autocorrelation function (G(τ)) is calculated using the following expression:

𝐺(𝜏) =

〈𝐹(𝑡) × 𝐹(𝑡 + 𝜏)〉
−1
〈𝐹(𝑡)2 〉

Where F(t) is the fluorescence intensity at time t and F(t + τ) the fluorescence intensity after a delay
time, τ. We use the amplitude of G(τ) at τ = 0 (G(0)) to extract the number of molecules (N) in each
pixel along the line scan using the following function, where γ describes the excitation volume shape (γ
= 0.3536 for a one photon point spread function three-dimensional Gaussian distribution):
𝑁=

𝛾
𝐺(0)

To obtain the pair correlation function (pCF), fluorescence fluctuations between two points at a distance
δr as a function of the transit time τ is calculated using the following expression:

𝐺(𝜏, 𝛿𝑟) =

〈𝐹(𝑡, 0) × 𝐹(𝑡 + 𝜏, 𝛿𝑟)〉
〈𝐹(𝑡, 0)𝐹(𝑡, 𝛿𝑟)〉

The maximum peak of the derived pCF profile gives the average time a molecule takes to travel the
given distance (δr was set to 8 pixels in this case with pixel size of 300 nm). A threshold was applied
to reject low-amplitude correlation due to background for single-channel experiments (threshold = 0.1
of the maximum peak).
Immunofluorescence staining. MDA-MB-468 cells were grown on glass coverslips at 37 oC in the
presence or absence of free aptamer, then washed with PBS and fixed in 2% PFA. Cells were blocked
with 1% PBS-BSA for 15 min at room temperature. Cells were then incubated with anti-Hsp70 antibody
(1:50, v/v) at room temperature for 2 h. After washing with PBS three times, the cells were incubated
with anti-mouse IgM secondary antibody (1:200, v/v) for 1 h followed by streptavidin Cy2 (1:300, v/v)
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for another 1 h at room temperature. The cells were washed again and mounted on glass slides with
DAPI. Finally, immunostained cells were analyzed using a confocal microscope (Zeiss LSM 710).
In vivo imaging analysis. Mouse experiments were performed using Female Balb/c nu/nu mice that
were bred at the University of Queensland animal house. The mice were 5 weeks old for all experiments.
And all mice were housed in the animal facility of the Centre for Advanced Imaging, with free access
of water and food. Ethical clearance was obtained from the University of Queensland for live mice
testing (AIBN/338/16). The respiration rate of the mouse was monitored at all times during the imaging
experiment. The mouse was anaesthetized with an i.p. injection of 65 mg/kg ketamine, 13 mg/kg
xylazine and 1.5 mg/kg acepromazine.
Prior to imaging experiments, each mouse was injected subcutaneously with three million MDA-MB468 cells to the left flank. The fluorescence and MRI imaging experiments were performed about 30
days after tumor cell injections. For each mouse, 100 µL of polymer solution (2 mmol kg-1 of fluorine
= 288 and 380 mg kg-1 body weight or 5.8 and 7.6 mg/mouse for HBPFPE-non and HBPFPE-apt,
respectively) was injected through tail vein to the tumor-bearing mouse once the tumor reaches 1-1.2
cm in diameter.
Fluorescence and X-Ray images were acquired using an in vivo MS FX Pro imaging station (Carestream
Health, Inc., Woodbridge CT, USA) at different time points post injection. Images were acquired via a
pre-established three-step imaging protocol acquiring sequential fluorescence, reflectance and X-ray
images. X-rays were collected with a standard 0.4 mm aluminum X-ray filter and an exposure time of
20 s using an X-ray energy of 35 KVP. Fluorescence images were collected at ex 630 nm and em 700
nm with a 20 s exposure. All Images were evaluated using Fiji imaging software. The half-lives of

HBPFPE NPs were obtained by fitting the data points to a first-order decay function following
a literature protocol.55
MRI images of live mice were taken on a Bruker BioSpec 94/30 USR 9.4 T small animal MRI scanner.
Proton images were acquired using a rapid acquisition with relaxation enhancement (RARE) sequence
(rare factor = 16, TE = 15.4 ms, TR = 1500 ms, FOV = 60 × 60 mm, matrix = 256 × 256, measurement
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time= 1 minute 36 seconds and 8 x 5 mm slices). The 19F images were acquired using RARE sequence
(TE = 10 ms, TR = 1000 ms, number of averages = 80, FOV = 60 × 60 mm, matrix = 32 × 32,
measurement time = 10 minutes 40 seconds, 1 x 30 mm slice). HBPFPE-non polymer solution in a
NMR tube (300 µL of 5 mg/mL) was applied as internal reference. All the in vivo imaging experiments
were repeated four times. Following the final time point, the animal was culled and organs were
collected for ex vivo imaging and NMR measurements.
Ex vivo biodistribution analysis. Following the final time point, the mice treated with polymer were
euthanized and the organs excised for ex vivo imaging using a Carestream MS FX Pro imaging station
(Carestream Health, Inc., Woodbridge CT, USA). The weight of organs and the volume of blood were
recorded for normalization of the fluorescent intensity.
Ex vivo tissue collection for fluorescence imaging. Ex vivo tissue fluorescence imaging studies were
performed using paraffin wax slices, four mice from each group were sacrificed at 48 hours PI. The
tumors were perfused with saline followed with 4% paraformaldehyde. Then the tissues were sampled
for paraffin-embedding and preparation of tissue slices. After treatment with ethanol and xylene, tissues
were covered with wax and place into a 60 oC vacuum oven for 45 min for slices preparation. Each
organ was separated into ten pieces at two different positions (center and margin of tumor), each of
which was cut into ~ 8 μm thick sections. Lastly, sections were washed with PBS (3 × 5 min) and
mounted with ProLong® Gold anti-fade reagent. Sections were cover-slipped and kept overnight at
approximately 4-8 °C for curing prior to imaging. Slices of tissues were directly stained with 0.5 μg/mL
of DAPI for 3min. Images were captured with an Axioskop 40 microscope (Carl Zeiss, Göttingen,
Germany) using an Axiocam MRm camera (Carl Zeiss). All images were acquired using a fixed
exposure time (2.5X or 20X).
Ex vivo tissue collection for NMR analysis. Ex vivo tumor NMR analyses were performed directly
after the sacrifices of mice. In order to be fitted into a 5 mm NMR tube, tumors were smashed and
suspended in 500 µL PBS/D2O (90/10, v/v). The acquisition temperature was set to be 37 oC.
Histopathologic examination. After the mice were sacrificed, the lung, heart, liver, kidney, and spleen
were quickly removed and immediately fixed in 4% paraformaldehyde, dehydrated in a graded series
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of alcohol, and then embedded in paraffin. Tissue sections (5 μm) were prepared and stained with
hematoxylin and eosin. Thereafter, the sections were examined and microphotographed using a Leica
DFC295 and DM 1000 Microsystem.
Statistical analysis. In vivo and ex vivo experiments were repeated at least four times. The results are
presented as the means ± SD. For the auto- and pair correlation microscopy, five cells were randomly
selected and analyzed. Two line scans with different directions were acquired per cell. This resulted in
n = 10 measurements for statistical analysis. The statistical analysis was done using Student’s t-test
analysis. A p-value less than 0.05 was considered statistically significant. Significant value p (* p<0.05,
** p< 0.01, *** p<0.001, and **** p< 0.0001).
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