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Abstract

To improve the signal-to-noise ratio of hypoxia positron emission tomography (PET) imaging,

stimuli-responsive polymers are designed for the delivery of the hypoxia PET tracer fluorine-18
labeled fluoromisonidazole ([18F]FMISO). Linear poly(/A-(2-(hydroxypropyl)methacrylamide))
polymers are functionalized with hydrazide linkers that form pH-sensitive acyl hydrazone bonds
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after their conjugation to an [18F]FMISO ketone analogue. The release of the [18F] FMISO ketone
analogue from the polymers is considerably faster at a lower pH and its uptake is significantly
higher in cancer cells growing under acidic conditions. Additionally, the retention of the PET
tracer is significantly higher in hypoxic cells compared to normoxic cells. The delivery of a PET
tracer using stimuli-responsive polymers may be an attractive strategy to improve signal-to-noise
ratios in PET imaging.
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Hypoxia is the physiological phenomenon in which tissue experiences low levels of oxygen
due to a compromised oxygen supply. In cancer and cardiovascular diseases, hypoxia leads
to the activation of biological processes that are associated with poor patient outcome.[1]
Positron emission tomography (PET) imaging using fluorine-18 labeled fluoromisonidazole
([*8F]FMISO0) is directly correlated to tissue oxygen levels and provides an adequate trade-
off between sensitivity, specificity, imaging time, tumor penetration depth, radiation burden,
and invasiveness.[23] Its main disadvantages are the slow washout of the non-metabolized
tracer and the high background signal in surrounding tissues.[4] Although [8F]JFMISO
arguably qualifies as one of the most valuable hypoxia PET tracers of the moment, its wide-
spread (pre)clinical use is hampered by its suboptimal signal-to-noise ratio, which is due to
the high background uptake. Whereas the slow washout is an intrinsic part of nitroimidazole
metabolism, the signal-to-noise ratio of [28F]FMISO could significantly be improved if its
uptake in off-target tissues could be reduced.

To facilitate this, the delivery of [18FJFMISO by nanocarriers may be a suitable strategy for
preventing its diffusion through off-target cell membranes and thereby minimizing the
background signal. Poly(/N-(2-(hydroxypropyl)methacrylamide)) (p(HPMA)) has been the
most widely used polymeric nanocarrier in clinical trials to date.%] Previously published
pharmacokinetic data on linear p(HPMA) demonstrate that the majority of p(HPMA)
polymers with a molecular weight of 35-40 kDa are cleared from the blood within 6-8 h
after injection, matching the imageable timeframe for fluorine-18 of 3-4 half-lives.[6]
Therefore, we postulated that the use of 35-40 kDa linear p(HPMA) polymers for the
delivery of [18F]FMISO would considerably reduce its uptake in off-target tissues, with
minimal systemic background signal remaining at the time of imaging.

In order to enable the uptake and retention of [18F]JFMISO in hypoxic cells, the molecule
needs to be released from the polymer carrier scaffold at the target site. This can be achieved
by the use of designed stimuli-responsive linkers that are cleaved in the presence of tumor
microenvironment triggers, such as a decrease in pH. Hypoxia is generally accompanied by
a shift from aerobic to anaerobic metabolism, which significantly lowers the intra-tumoral
pH.[7:8] In cancer, accumulation is further assisted by the increased passive delivery of the
polymer-[18F]JFMISO complex to the tumor via the enhanced permeability and retention
effect, which refers to the extensive angiogenesis, defective vascular architecture, impaired
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lymphatic drainage, and increased expression of proteins affecting vascular permeability.
[9,10]

Schiff bases offer a versatile linker strategy as they hydrolyze under acidic conditions and
their stability can easily be tuned by modifying the adjacent chemical structure.l!*] We and
others have used Schiff bases for the delivery and release of small molecules from large
nanocarrier complexes.[12-15] |n the current study, we equipped p(HPMA) with functional
handles that can form labile acyl hydrazone links upon conjugation with [18F]FMISO. To
investigate this strategy, we developed a ketone analogue of [18F]JFMISO and examined its
reversible conjugation to a functional p(HPMA\) scaffold. We also demonstrated its pH-
stimulated release and increased uptake and retention in cancer cells under hypoxic
conditions.

Linear p(HPMA) (3) was synthesized via reversible addition fragmentation chain transfer
(RAFT) polymerization (Scheme 1), with a molecular weight (MW) of 35.3 kDa and
polydispersity index (PDI) of 1.31 (Figure 1A,F and Table 1). To prevent cross-reactivity of
the RAFT end-group, the terminal dodecyl trithiocarbonate moiety was removed by
exposing the polymer to air at 80 °C in the presence of azobis(isobutyronitrile). Successful
removal of the end group chromophore and maintenance of polymer characteristics were
confirmed by UV-vis and gel permeation chromatography (GPC) (Figure 1D,F; Figure S1,
Supporting Information; Table 1). To allow for the functionalization of the polymer with pH-
sensitive linkers via “click” chemistry, the p(HPMA) (4) was first partly functionalized with
2-bromo-2-methylpropanoate, followed by its azidation (Figure 1B,F and Table 1). The
azidation was confirmed by the appearance of an azide-characteristic peak at ~2100 cm™1 in
the ATR-FTIR spectrum of p(HPMA-co-MAP) (5; Figure 1E). The functionalization was
kept at 6% of the monomer units (corresponding to ~10 wt%), since the pharmacokinetic
and cytotoxic profiles of a polymer are generally retained when its degree of
functionalization is kept <10 wt%.[>] A Boc-protected alkyne hydrazide linker (6) was
synthesized (Figures S2 and S3, Supporting Information) and subsequently reacted with the
azide groups via standard copper-catalyzed click chemistry. The successful conjugation was
confirmed by disappearance of the characteristic azide peak in the ATR-FTIR spectrum
(Figure 1E). Boc-protection of the hydrazide linkers was required to prevent copper-
mediated complexation of the polymers. Therefore, to minimize the formation of large
polymer aggregates, trifluoroacetic acid (TFA)-based deprotection of the linkers was
performed only directly prior to their conjugation to the [18F]FMISO ketone analogue. Still,
some aggregation was observed in the final product, as demonstrated by slight peak
asymmetry in the GPC trace of p(HPMA-co-MHP) (7; Figure 1F). The final linker-
functionalized polymer p(HPMA-co-MHP) (7) was synthesized with a MW of 37.2 kDa and
PDI of 1.27 (Figure 1C and Table 1). As such, the MW was within the targeted MW range of
35-40 kDa, thus maintaining the optimal pharmacokinetic profile for the delivery of
[18F]FMISO.[6]

A Schiff base is formed when an amine reacts with an aldehyde or a ketone. Therefore, we
designed a ketone analogue of [18F]FMISO that allowed its conjugation to the hydrazide
linkers on p(HPMA-co-MHP) (7). First, acetylated MISO ketone (10) was synthesized by
reacting 2-nitroimidazole with 3-chloro-2-oxopropyl acetate under standard alkylation
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conditions (Figures S4 and S5, Supporting Information). To allow for its radiofluorination,
we aimed to introduce a triflate at the position of the acetyl group in 10, which is a good
leaving group for nucleophilic fluorination reactions in general.l16] However, due to the high
overall reactivity of triflates, protection of the carbonyl was required to prevent
intramolecular nucleophilic epoxidation. Therefore, after TFA-deprotection of 10 (Figures
S6 and S7, Supporting Information), we produced 12 by ketal formation in the presence of
methanol (Figures S8 and S9, Supporting Information). The precursor for radiofluorination
(13) was then synthesized by triflation of its alcohol terminus (Figures S10 and S11,
Supporting Information). The radiosynthesis of [18F]JFMK (14) was executed in two steps,
comprising the radiolabeling of 13 with 18F in acetonitrile for 15 min at 100 °C (Figure S12,
Supporting Information), followed by deprotection of the ketone with hydrochloric acid for
20 min at 100 °C. The final product was obtained after preparative HPLC, yielding
[18F]FMK (14) with high specific activity (1.5 GBgb mg™1), good radiochemical purity
(>99%), and good radiochemical yield (73%) (Figure 2A). The total synthesis time was 50—
60 min, calculated from the start until the end of the radiosynthesis. As such, the
radiolabeling procedure followed standard operating procedures for the radiosynthesis of
[18F]FMISO, involving one radiofluorination step and one deprotection step, which
conveniently would allow for the large-scale, high-activity production of [28F]JFMK using
commercially available automated synthesis modules for [18F]FMI1SO.[17] Alternative
synthetic routes—such as direct oxidation of [28F]JFMISO—would not be desirable, as these

generally require prolonged reaction times in which the majority of 18F will undergo decay.
[18]

Generally, Schiff bases form after elimination of water from the system and in the presence
of a catalyst that activates the carbonyl moiety to increase its reactivity toward the
nucleophilic amines.[9 To find the optimal conditions for the conjugation of [18F][FMK
(14) to the hydrazide linkers on p(HPMA-co-MHP) (7), while preserving their hydrolytic
propensity, we explored the use of different solvents (A, A-dimethylformamide,
dimethylsulfoxide, methanol, acetonitrile, toluene, dichloromethane, tetrahydrofuran),
drying agents (MgSQO,4, molecular sieves), Bransted—Lowry acids (TsOH, AcOH), Lewis
acids (Sc(OTf)3, B(OCH,CF3)3, TTIP), bases (TEA, DIPEA), and reaction temperatures (0,
25, 60, 90, 140 °C) (Figure S13, Supporting Information). Maximum conjugation yields
were obtained using TTIP as catalyst in THF at 60 °C, forming a pH-labile acyl hydrazone
bond between [18F]JFMK and p(HPMA-co-MHP). Although high conjugation yields were
also achieved using Sc(OTf)3 in DMF at 140 °C, the resulting product appeared stable to
hydrolysis in an acidic environment, most likely due to the irreversible ketal formation
between [18F]FMK and the alcohol groups of p(HPMA) at high temperatures. Conjugation
in the presence of TTIP allowed for conjugation at lower temperatures due to its (Lewis)
acidity, activating the ketone, and water scavenging properties, which contributed to the
elimination of water from the reaction.[2%] The final product (p(HPMA)-[*8F]JFMK, 15),
with a specific activity of 37 MBg mg™1 and good radiochemical yield (>95%) and purity
(>99%), was recovered by precipitation in a diethyl ether/hexane mixture (Figure 2B).

The released fraction of [28F]JFMK from 15 at different acidity levels was measured by
instant thin layer chromatography (iTLC) after dissolving the construct in aqueous buffers of
pH =8, 6, and 4 (Figure 3A). To prevent the re-conjugation of [18F]FMK to p(HPMA-co-
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MHP) during the experiment, a large excess of butanone was added, simulating the in vivo
situation in which [*F]JFMK and p(HPMA-co-MHP) are instantly separated upon
hydrolysis of the linkers due to physiological processes.[!1] At pH = 8, p(HPMA)-
[18F]FMK (15) remained intact (100.2 + 5.4%) for at least 60 min. At pH = 6, [18F]FMK
was steadily but significantly (v < 0.01) released from the polymer, with 93.8 £ 3.1% intact
p(HPMA)-[18F]FMK remaining after 60 min. At pH = 4, only 91.4 + 1.7% of p(HPMA)-
[18F]FMK was intact after 60 min (o= 0.03). Due to the radioactive decay of 18F below the
detection limit of the iTLC equipment at later timepoints, measurement data were
extrapolated using an exponential model to estimate the release rates up to 4 h.[11] These
measurements supported our hypothesis that [28FJFMK was released from p(HPMA)-
[*8F]FMK under acidic conditions due to hydrolysis of the pH-sensitive linkers, with a faster
release at a lower pH.

To confirm these data in vitro, proof-of-concept was provided by measuring the uptake of
[*8F]FMK in SQ20b laryngeal squamous cell carcinoma cells. SQ20b cells were selected for
these experiments due to their high sensitivity toward hypoxic stimuli.[21] To simulate pH
changes in the tumor microenvironment, cells were incubated in culture media with either
pH = 7.4 or 5.0. Furthermore, to compare uptake between hypoxic and normoxic cells,
incubation was performed in either a hypoxia chamber at 1% O or a standard cell incubator
at 18.5% O,. Under hypoxic conditions, the uptake per cell after 4 h was significantly higher
(p< 0.01) for cells incubated at pH = 5.0 (11 + 0.6 x 1073 counts per cell) compared to
uptake at pH = 7.4 (8 + 1 x 1073 counts per cell) (Figure 3B). These data imply that
hydrolysis of the pH-sensitive linkers was indeed faster at a lower pH, thereby releasing
higher amounts of [18F]FMK, which is subsequently taken up by the cells. Furthermore,
cells in a hypoxic environment (11 + 0.6 x 1073 counts per cell) demonstrated a higher
overall uptake (p < 0.01) than cells under normoxic conditions (8 + 0.2 x 1073 counts per
cell) at the same pH (pH = 5.0) (Figure 3C), suggesting that the hypoxia-targeting properties
of [18F]JFMISO were retained within the (released) ketone analogue ([8F]JFMK). These data
were confirmed in control experiments with free (unconjugated) [18F]FMK (36 + 9 x 1073
counts per cell at pH = 5.0; 27 + 0.6 x 1073 counts per cell at pH = 7.4) and [*8F]FMISO (34
+2 x 1073 counts per cell at pH = 5.0; 26 + 8 x 1073 counts per cell at pH = 7.4), which
demonstrated a similar uptake in SQ20b cells under hypoxic conditions (Figure S14,
Supporting Information). These control experiments suggest that the pharmacokinetic
behavior of the daughter compound ([18F]FMK) is similar to that of the original molecule
([*8F]FMIS0). Moreover, these data confirm that the polymer hampers the overall cellular
uptake of [18F]JFMK. That is, the uptake of free [\8F]FMK after 4 h under hypoxic
conditions (Figure S14A, Supporting Information) was 3.3 to 3.4 times higher (p < 0.01)
than the uptake of the conjugated products (Figure 3B). This suggests that cellular uptake is
indeed largely prevented by complexation to the polymer. Although the uptake of free
[*8F]FMK and free [18F]FMISO was somewhat higher at pH = 5.0 than at pH = 7.4, the
observed differences were not statistically significant (p=0.11 and 0.09, respectively),
indicating that the pH does not substantially affect the uptake of the tracer itself. To confirm
that cell viability was not affected by changes in pH, we compared the viability at pH = 7.4
and 5.0. No significant differences were observed at the time of the experiment (p = 0.55;
Figure S15A, Supporting Information). Similarly, no significant viability differences were
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measured between cells growing in hypoxic and normoxic conditions (o= 0.91; Figure
S15B, Supporting Information).

The level of acidity in the hypoxic extracellular environment is debated. Whereas the general
assumption is that the pH of the tumor microenvironment is 5.7—7.8 for most solid tumors, it
is also well-known that hypoxia may further decrease the extracellular pH.[22.23] The
complexity of physiological processes involved in hypoxia makes the real extracellular pH
difficult to predict. Our in vitro experiments provide a proof-of-concept for the pH-
stimulated delivery of an [18F]FMISO analogue using p(HPMA) and its subsequent
increased intracellular uptake, warranting further investigation in in vivo models. Generally,
PET imaging is preferred within three half-lives after the injection of the tracer, although
higher administered doses or longer image acquisition times may substantially extend
waiting times. In vivo optimization will be required to find the ideal trade-of between signal
intensity and the release and cellular uptake of [28F]JFMK, and to allow for PET imaging at
later timepoints (e.g., 6-8 h).

Linear p(HPMA) was functionalized with pH-sensitive linkers for the delivery of [18F]FMK,
a novel [18F]FMISO analogue, into the hypoxic microenvironment. Release of the tracer was
significantly faster at lower pH and its cellular uptake was significantly higher in hypoxic
cells and under acidic conditions. Together, our data suggest that the delivery of [18FJFMK
by p(HPMA) polymers is a promising new approach to ultimately improve the signal-to-
noise ratio of hypoxia PET imaging based on [18F]FMISO.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

1H NMR spectra in DMSO-dg of A) p(HPMA), B) p(HPMA-co-MAP), and C) p(HPMA-co-
MHP) (*acetone (A) or DMF (B,C), **water, ***DMSOQ). D) UV-vis spectrum, showing
significant signal reduction at 310 nm, which indicates that, the RAFT end-group was
removed. E) ATR-FTIR spectra of p(HPMA-co-MBP), p(HPMA-co-MAP), and p(HPMA-
co-MBHP), demonstrating the appearance in p(HPMA-co-MAP) and disappearance in
p(HPMA-co-MBHP) of an azide peak at #2100 cm™~2, indicating that the functionalization

Macromol Rapid Commun. Author manuscript; available in PMC 2021 August 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Goos et al.

Page 9

with the hydrazide linker was successful. F) GPC traces of p(HPMA) (3), p(HPMA) (4),
p(HPMA-co-MAP) (5), and p(HPMA-co-MHP) (7).
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Figure 3.

A) Release studies of p(HPMA)-[*F]JFMK (15) in aqueous buffer at pH = 4, 6, and 8. In
slightly basic conditions (pH = 8), the pH-sensitive linker was not hydrolyzed, preventing
the release of [28F]JFMK from the p(HPMA) polymers. In acidic conditions, [18F]FMK was
readily released from the p(HPMA) polymers (p= < 0.01 for pH =6 and p=0.03 for pH =
4). Measurement data were extrapolated up to the in vitro evaluation time point in SQ20b
cells (4 h) based on an exponential model (dotted lines). B,C) In vitro uptake in human
SQ20B head and neck carcinoma cells after 4 h incubation. B) The uptake per cell was
significantly higher at pH =5 compared to pH = 7 (p< 0.01). C) The uptake per cell was
significantly higher in hypoxic cells compared to normoxic cells (p < 0.01).
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Scheme 1.
Schematic representation of the radiosynthesis of [18F]JFMK and its conjugation to

p(HPMA). [18F]FMK is released from the polymer after hydrolysis of the acyl hydrazone
linkers under acidic conditions.
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