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Biocompatible metal-free agents are emerging as a promising alternative to commercial magnetic
resonance (MR) contrast agents, but there is an additional need for novel probes with enhanced
responsiveness in preclinical MR testing to effectively target diverse pathological conditions. To
address this, we develop hydrophilic phospho-/fluoropolymers as dual MR probes. Incorporating
thiophosphoester groups (P = S) into the polymer structure produces a distinct chemical shift
(~59 ppm) in phosphorus MR (*'P-MR), reducing biological signals interference. Reactive oxygen

species (ROS) oxidize the P = S groups, causing a detectable shift in 3'P-MR, enabling precise
localization of ROS, abundant in inflammation and cancer. To enhance this capability, bioinert
trifluoromethyl groups (CF3) are added, creating a “hotspot” for fluorine MR (*F-MR), aiding in vivo
localization. Both in vitro and in vivo testing demonstrate the probe’s high specificity and
responsiveness, underscoring its potential as a sensitive ROS sensor and dual MR-traceable tool in

cancer research.

Magnetic resonance imaging (MRI) is a widely adopted noninvasive diag-
nostic modality for visualizing internal body structures and monitoring
physiological and pathophysiological conditions. Owing to the high
hydrogen content in living organisms, particulary in water and organic
molecules, proton magnetic resonance imaging ("H-MRI) emerges as the
predominant MRI technique in clinical applications. The nearly 100%
natural abundance of the 'H isotope and its advantageous intrinsic prop-
erties, such as a spin of % and a gyromagnetic ratio (y) of 42.6 MHz T,
render it easily detectable at the relatively low magnetic fields employed in
clinical scanners (1.5 T). Although 'H-MR imaging is commonplace, the
administration of contrast agents can enhance differentiation between
healthy tissues and pathologies. However, clinically approved contrast
agents containing gadolinium raise concerns due to potential toxicity,
accumulation', and limited ability to provide additional information on
tissue pathology. Consequently, there is a growing imperative to develop
gadolinium-free contrast agents or probes to enhance the safety of MR
imaging and the precision of pathology detection. 'H-MRI provides valu-
able insights into the morphology and composition of tissues in the body.
Nevertheless, to garner complementary information on tissue function,

metabolism, and physiology beyond the capabilities of traditional proton
MR, specialized MR techniques utilizing isotopes other than hydrogen,
X-nuclei MR, are currently under development. Among the various nuclei
applicable in X-nuclei MRI - such as °C, 7O, **Na, ’F, and *'P - techniques
for imaging phosphorus and fluorine have attracted considerable interest in
recent yearsz" * Oneof the promising X-nuclei, phosphorus, is characterized
by the stable natural monoisotope *'P possessing a nonzero magnetic
moment with a spin value of % and a y of 17.2 MHz T~". Notably, the
magnetic sensitivity of *'P is 60% lower than that of 'H. Despite phosphorus
being roughly 10 times less abundant in the human body mass and having
~2.5 times less magnetic momentum than hydrogen protons, sensitive
radiofrequency coils enable the detection of phosphorus even at the low
magnetic fields typically used in clinical settings. Historically, *'P-MR has
primarily been used to assess cell membrane composition, phosphorylated
metabolite levels, the bioenergetic status of organs and tissues, and intra-
cellular pH levels* . In recent years, its broader potential has been explored
using responsive phosphorus and iron-based probes*’, but its tendency to
significantly overlap with physiological background signals within the MR
frequency range remains a challenge. The solution to these problems could
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be a probe with a different chemical shift in phosphorus MR, as proposed in
our previous publication’, where the in vivo use requiring specific exogen-
ous probes for accurate measurement was discussed.

Another X-nucleus frequently investigated for clinical MRI applica-
tions is fluorine-19 (’F-MRI). This monoisotope possesses not only a
negligible physiological concentration but also a high gyromagnetic ratio
(40.1 MHz T™"), with MR specificity and sensitivity comparable to hydro-
gen (83% of 'H)”’. Therefore, overlaying the ’F-MR signal from exogenous
probes onto the anatomical background obtained by 'H-MRI measure-
ments facilitates monitoring the biodistribution and pharmacokinetics of
probes within the body. The fluorine-based probes are widely examined in
the preclinical studies™™" and first trials of clinically usable probes were
published'’. Importantly, YF-MR can be performed using common scan-
ners and radiofrequency coils, requiring only minor hardware adjustments.
However, compounds containing fluorine are often hydrophobic and
poorly soluble in water, limiting their clinical utility to a significant extent.

Previous X-nuclei research, including work from our group and
others”'***** has demonstrated that hydrophilic biocompatible phospho-
and fluoro-based MR probes serve as suitable probes for MR imaging and
spectroscopy (MRS). In comparison to low molecular weight probes, these
macromolecular compounds exhibit enhanced solubility, a higher P/F
atoms content, and prolonged biological half-life. Moreover, their struc-
tures, compositions and dimensional characteristics can be specifically
tuned, allowing for elimination from the organism after measurements.
They are also easily modifiable for use as drug carriers”*”. Due to
their greater hydrodynamic size, they can passively accumulate in
specific pathologies, such as tumors through the enhanced permeability
and retention (EPR) effect” or inflammation via extravasation through
leaky vasculature and subsequent inflammatory cell-mediated
sequestration”. This accumulation can be exploited for targeted ima-
ging of these pathologies.

Fluoropolymers offer the advantage of being bioinert and easily dis-
tinguishable, providing a "’F-MR signal without the biological background.
However, they are not without limitations. Frequently hydrophobic, their
solubility tends to decrease with increasing fluorine content. In contrast,
certain phoshpopolymers can be design to be highly soluble in aqueous
solutions, even with a high phosphorus content, and are biocompatible, and,
in some cases, biodegradable. Nonetheless, commonly used phosphopoly-
mers like as poly(2-methacryloyloxyethyl phosphorylcholine) (pMPC),
poly(phosphoesters), or some poly(phosphazenes) often exhibit a chemical
shift similar to naturally occurring biomolecules, making their *'P-MR
signal challenging to distinguish from the signal of surrounding tissues”".
Signal recognition of certain phosphopolymers can be enhanced, as
demonstrated in our prior research®, where we utilized a unique phospho-
polymer in which one of the oxygen atoms in the phosphoester groups
(P = O) was replaced with sulfur to form a thiophosphoester groups (P = S)
—changing the chemical shift in phosphorus MR.

While various fluoropolymers or phosphopolymers for in vivo MR use
have been described in recent literature, a significant scientific challenge
remains in the development of probes capable of detecting changes in
pathophysiological processes associated with the onset of specific disorders.
One indicator of physiological abnormalities is the tissue-specific level of
reactive oxygen species (ROS). ROS encompass a group of naturally
occurring, chemically reactive compounds containing oxygen, including the
superoxide anion radical, hydroxyl radical, hydroperoxyl radical, singlet
oxygen, and various nitrogen and hypochlorite radicals, all more reactive
than ground-state oxygen™. Typically generated through the partial
reduction of molecular oxygen via both endogenous (physiological) and
exogenous (environmental) oxidative processes within biological systems™,
ROS are produced in many cellular compartments, with mitochondria
being a major source. At moderate levels, ROS are required for several
cellular functions, including gene expression™, and are involved in diverse
biological processes such as host defense, signaling, tissue development,
injury response, as well as hypertension and tumor development™™*.
Inflammation sites and tumors are generally characterized by a significant

increase in ROS concentration®, commonly formed by both the immune
system and cancer cells to create a microenvironment unique among
healthy tissues. Importantly, changes in ROS levels are also associated with
chemotherapy and radiotherapy™'.

The standard methods for ROS-detection in vitro are based on the
fluorescence, which is highly sensitive, but not clinically relevant. In diag-
nostics there are several advanced techniques for detecting ROS, such as
positron emission tomography (PET), ultraweak photon emission imaging
(UPE), and optical and photoacoustic imaging, have been integrated into
experimental medical applications*’, However, these methods face lim-
itations that hinder their application in clinical practice. PET exposes the
patients to ionizing radiation, UPE is restricted to superficial areas, and
optical imaging encounters challenges with poor tissue penetration”.
Encouragingly, X-nuclei MRI holds promise in this realm, but its use is
contingent upon the development of suitable probes. As cancer-specific
factors are generally lacking in CAs MRI methodology, no ROS-detecting
method is currently available in MR. To address those limitations, we
designed a water-soluble polymer probe with high phosphorus and fluorine
content and specific responsivity. Hypoxia, measured using MR methods, is
tightly connected with oxidative stress and ROS-targeting therapies used in
radiotherapy usually encounter the problem of ROS generation over-
whelming the antioxidant mechanisms of the cell, leading to oxidative stress.
Thus, ROS can play both pro- and anti-tumor role in a context-dependent
manner and its sensitive detection would be highly beneficial.

The primary aim of this investigation is to introduce an innovative
method utilizing dual *'P/*’F-MR for in vivo localization and assessment of
tumor tissue employing hydrophilic phospho-/fluoropolymer responsive to
ROS changes. Initially, ROS production was evaluated in vitro using a highly
sensitive fluorogenic reagent to detect extracellularly released oxidation
products. Subsequently, we monitored their impact on the chemical shift of
the polymer probe under various oxidative conditions using *'P-MRS across
various cell lines, validating its performance in vivo using an murine tumor
model. Despite the ability of modern methods to detect ROS changes,
quantifying alterations in their concentrations remains a challenge.

A crucial aspect of our analysis involved assessing the performance of
our biocompatible, ROS-responsive polymer probe under conditions closely
resembling clinical magnetic field strengths, specifically 4.7 T. Demonstrating
high specificity and responsiveness, the probe showed its capacity to detect
pathophysiological conditions characterized by the presence of ROS. While
*'P-MRS was used to detect ROS produced in a tumor environment, fluorine
MR spectroscopy and imaging were employed to monitor changes in
the biodistribution of the probe over time. As an in situ reference,
fluorine adeptly localized the probe precisely in instances where the phos-
phorus signal disappeared due to shifting caused by ROS-induced oxidation.
We anticipate that the dual MR probe presented in this study will offer new
insights into the detection, diagnosis and subsequent treatment of tumors and
inflammatory diseases.

Results

Synthesis of the polymer probes

To track in vivo biodistribution of the exogenously administered probe
simultaneously with tissue-specific ROS production using *'P/*’F-MR, the
structure of the probe was modified to provide a sufficiently high and
sustained signal-to-noise ratio (SNR) that would be easily distinguishable
from the signals generated by the naturally occurring biomolecules. The
probe also needed to be sufficiently responsive and sensitive to change its
chemical composition in the presence of ROS. For these purposes, we
developed custom biocompatible polymer probes containing thiopho-
sphoester (referred to as P = S for simplicity) and/or trifluoromethyl (CF;)
groups. While the P = S groups served as an ROS scavenger detectable by
*'P-MR, the CF; groups enabled the probe to be precisely localized using
PF-MR. Specifically, the reversible addition-fragmentation chain transfer
(RAFT) polymerization technique in the presence of dithiobenzoate-
based chain transfer agent and azoinitiator was used to produce a water-
soluble O-(2-(methacryloyloxy)ethyl) O-(2-(trimethylamoniumyl)ethyl)
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Scheme 1 | Visual representation of the in vitro and in vivo application of the polymers.
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Fig. 1 | Results of in vitro experiments. a Fluorescence measurement of ROS
production in 4T1 cells using the nonfluorescent dye OxyBURST Green H,HFF BSA
(OB), which is oxidized by ROS to the fluorescently active derivative. Results are
presented as the total emission (photons-s™') in controls, normalized to the signal of
4T1 cells in a medium with 10 mg-mL "' OB over time. b*'P/"’F -polymer in phantom
(¢”=100 mM; V=100 uL) measured using '°F- and *'P-MRS and 'H/”F/*'P-MRL
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F- (red) and *'P-(green) MRI data are overlaid with 'H-MRI signal. ¢ Relative
*'P-MRS amplitude decreases (%) in different ROS-triggered oxidative conditions:
*'P-polymer with (left) H,O, and (right) 4T1 cells, reflecting the oxidation of the
P =S (A8 ~ 60 ppm) signal to the P = O (A8 ~ 0 ppm) signal over time.

phosphorothioate (TMPC)-based homopolymer of zwitterionic character
(*'P-polymer) and a statistical copolymer of TMPC with a methacryla-
mide comonomer bearing the bis(trifluoromethyl)benzylamine group
(Ma-BAla-BTFBA), referred to as the *'P/"’F-polymer (for structures, see
Scheme 1; the reaction scheme is presented in Supplementary Fig. 1).
While the *'P-polymer was prepared by direct polymerization of
the TMPC monomer, the *'P/“F-polymer copolymer was obtained
by a post-polymerization aminolytic reaction of the TT-activated
precursor p(TMPC-co-Ma-BAla-TT) with BTFBA. The molecular
weights were 22.1 kg-mol ™" for the *'P-polymer and 16.7 kg-mol ™ for
the *'P/"F-polymer. Both (co)polymers were characterized by low dis-
persity (D < 1.1).

Chemical structures of the phosphopolymer (*'P-polymer) and
phospho-/fluoropolymer (*'P/**F-polymer) with assigned experimental use
in the study.

ROS production under hypoxic conditions

ROS production was confirmed by fluorescence measurements of murine
mammary carcinoma 4T1 cell line, derived from mouse breast cancer,
where the conversion of OxyBURST Green H,HFF BSA (OB) dye to its
fluorescent derivative was observed. Notably, the 4T1 cell line exhibited a
higher total fluorescence emission ratio compared to the medium with OB
alone and OB with different concentrations of hydrogen peroxide H,O, (up
to 210 min for 50 nM and up to 40 min for 100 nM) (Fig. 1). In the control
samples, the highest signal increase over time was observed in the OB
samples treated with 100 nM H,0,. The mentioned OB relevance using
extracellular, rather than intracellular ROS production, was confirmed
through complementary experiments. Specifically, the internalization pro-
cess in PANC-1 (evaluated via confocal microscopy; Dy647 dye) and
RAW264.7 macrophages (assessed using "’F-MRS on 14 T MR) demon-
strated decreased efficacy when employing the dual *'P/"’F-polymer as
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Fig. 2 | Results of in vivo experiments. a Experimental schematic outlining the steps
including tumor induction, injection of *'P/’F-polymer, and MR measurement
setup. b MR chemical shift between the *'P/"’F-polymer and anesthesia (isoflurane;
A8 ~ 20 ppm, "’F-MRS), and between physiological signal (metabolites;
A8 ~ 60 ppm, *'P-MRS). ¢ Results of proof-of-principle in vivo "F-MRI after retro-
orbital *'P/"F-polymer injection. Overlaid 'H/"F-MRI with the fluorine signal
highlighted in red. Results are visible 6 h (Day 0 + 6 h), 24 h (Day 1), and 48 h (Day
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2) post-injection. d Results of in vivo *'P-MRS and "F-MRS/MRI in response to
ROS-triggered changes after L.T. *'P/"’F-polymer injection. Overlaid 'H/"F-MRI
and "F-MRS with fluorine signal presented in red, and *'P-MRS data with the
phosphorus signal highlighted in green; both measured 6- and 24-h post-injection
(Day 0 + 6 h and Day 1). On the right, average SNR values of the *'P/*’F-polymer
injected LT. for both F- and *'P-MRS; * indicates *'P-MRS SNR values below the
detection limit (<1); both measured 0.5-48 h post-injection (Day 0 to Day 2).

opposed to utilizing the *'P-polymer alone and no fluorine signal from cells
treated with the polymer overnight. The results are presented in Supple-
mentary Fig. 2.

$p-polymer MR signal changes under hypoxic conditions

The *'P-MRS signal originating from the P=S groups within the
phosphorus-based *'P-polymer structure remained detectable across all
tested conditions, including the short-time measurements. However, the
reduction in signal amplitude varied among experiments (Fig. 1 and Sup-
plementary Fig. 3). Consistent with previously *'P-NMR findings, the first
two highly oxidizing model conditions, involving aqueous solutions of
H,0, and sodium hypochlorite NaClO, similarly triggered a reduction in
the signal®. In the presence of H,0,, the polymer underwent oxidation,
leading to a 47% conversion of the signal from the P =S groups (A8 ~ 60
ppm) to the P = O groups (A8 ~ 0.0 ppm) within the first hour. Maximum
oxidation of 68 % was reached after 24 h. Incubation of the probe in NaClO
solution resulted in rapid and significant oxidation, evidenced by a
remarkable 97% decrease in the P = S signal within one hour. Additionally,
variations in ROS-triggered oxidation were noted among cell cultures:
human leukemia monocytic THP-1 cells exhibited amplitude decreases of
14% (within the first 12 h) and 20% (at 24 h from onset), human prostate
adenocarcinoma PC3 cells showed reductions of 13% and 19%, and 4T1
cells influenced P =S signal by 8% and 17%, respectively. No significant
changes in signal shift or amplitude (0.33 + 1.85%) were observed in the
'P-MR spectra obtained from the polymer in the medium, even over an
extended data collection period of 18 h. The viability of a series of PC3 cells
stored in Eppendorf tubes at room temperature, similar to the conditions
used for MR measurements, remained within a range of 90-93% at all time
points (1-3 h) (data not shown).

The *'P/*F-polymer was measured using *'P- and "’F-MR spectro-
scopy and magnetic resonance spectroscopic imaging (MRS/MRSI) to
determine signal sensitivity (Supplementary Fig. 4) and changes in the
ROS-triggered signals. MRS data indicated frequency shifts in the signals
suitable for further in vivo experiments, with high signal sensitivity

achieved even over short measurement periods (scan time ST = 3 min).
MRSI generated signals for both phosphorus (ST = 10 min) and fluorine
(ST =3 min). Under oxidative conditions, the phosphorus P =S§ signal
decreased in accordance with the behavior of the *'P-polymer. In contrast,
the fluorine signal remained stable, confirming the stability of the polymer
(Supplementary Fig. 5).

These results were successfully repeated on the clinical 3 T and pre-
clinical 7 T MR scanner, where the *'P-polymer with H,O, underwent full
oxidation after 24-h incubation (Supplementary Figs. 6, 7a, c).

In vivo MR of polymer biodistribution and oxidation-triggered
signal changes

The high phosphorus content in the polymer provided a substantial MR
signal, as evidenced by the high chemical shift of the P = S groups in *'P-MR
(AS ~ 60 ppm) at low, nontoxic concentrations (Fig. 2a). This characteristic
made the MR signal easily distinguishable from the biological background
signals in vivo (~0 ppm). The quantified phosphorus MR signal originating
from the P =S groups of the *'P/*’F-polymer exhibited the same chemical
shift as the previously tested *' P-polymer containing TMPC monomer units
only. Additionally, the fluorine signal displayed a shift in '"F-MRS
(A8 ~ 20 ppm) compared to the anesthesia signal (Fig. 2b), resulting in a
100% specificity. This shift serves as a crucial factor in enhancing the pre-
cision and accuracy of our in vivo imaging technique, as it guarantees a clear
differentiation between the fluorine signal from the polymer and the
background signal originating from the anesthesia.

Initial in vivo measurements of polymer biodistribution revealed sig-
nificant accumulation of the polymer in the bladder, tumor (following
intravenous LV. injections via the lateral tail vein or retro-orbitally via the
venous sinus R.0.), and kidneys (following L.V. injection via the lateral tail).
The intravenous injection resulted in the highest ’F-MR signal two days
after polymer administration (Supplementary Fig. 7). No immediate signal
was observed after the injection, with only a weak fluorine MRS signal
detected on day one. Conversely, retro-orbital administration initially
resulted in visible ’F-MR signal solely in the bladder, with accumulation in
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tumor tissue observed one day after administration. The rest of the polymer
was excreted in urine, evident from a strong signal in the bladder at all
measurement points. No signal from the tumor was detected on the second
day post-administration (Fig. 2¢).

In subsequent in vivo analysis, mice underwent *'P-MRS and ’F-MRS/
MRI at three-time points: immediately after the *'P/*’F-polymer intratu-
moral (LT.) injection, and then 24 and 48 h after administration (Fig. 2d).
The *'P-MRS signal of the polymer was detected immediately after injection
in four out of five animals (SNR =2.20 £ 0.65). On day one (24h PI), a
decrease in the phosphorus MRS signal was observed, indicating the con-
version of the phosphorus signal from P = Sto P = O due to ROS production
in hypoxic cancer tissue. The SNR of the integral at this point (0.84 + 0.03)
was considered noise. Conversely, the '’F-MRS signal was detected imme-
diately after injection in all measured animals (SNR = 3.19 + 0.95) persisting
at24h (SNR=1.38+0.17) and 48 h (1.14 £+ 0.16). These findings indicate
that the polymer was not completely eliminated from the body until that
time point. Additionally, the "H/*’F-MR image overlay obtained 24 h post-
injection (PI) clearly indicates that the fluorine signal originated from tumor
tissue (Fig. 2a). Throughout the experiment, the fluorine signal remained
higher than the phosphorus signal. Changes in "°F- and *'P-MRS SNR over
time are depicted in Fig. 2b. A summary of the independent measurements,
along with additional details and data, is provided in Supplementary Fig. 8.
In summary, our results underscore the sufficient signal detection and
localization of the *'P/“F-polymer using *'P- and "F-MR techniques
in vivo, even 48h PI, highlighting the ROS-responsiveness of the dual
polymer in the cancer tissue.

Discussion

In response to the gap in preclinical biocompatible and specific probes for
X-nuclei MR in pathology, we investigated the MR properties of ROS-
sensitive phospho-/fluoropolymers. Initially, in vitro experiments were
conducted to establish baseline ROS production in cell cultures using
fluorescent probes. Detecting ROS is challenging due to their low con-
centrations (often within the nanomolar range), short half-lives, and the
impact of surrounding oxygen levels, which can trigger oxidative stress and
structural changes®. Even atmospheric oxygen levels of 21% alone are
capable of inducing oxidative stress without additional stimulation. How-
ever, physiological oxygen concentrations in the human body are much
lower”. Therefore, it is feasible to measure ROS at lower oxygen con-
centrations. Signal fluctuations led to comparing several controls to accu-
rately reflect probe oxidation. Future ROS measurements may benefit from
atmospheric control units or bioreactors implementation.

ROS measurement in cell cultures is influenced by factors like sponta-
neous and H,0,-induced apoptosis, which vary with cell density”. Some
researchers report on a linear increase in the rate of HO- production with
rising cell density and normalize ROS levels to the number of viable cells™,
which could be tested in future ROS-production experiments, where addi-
tional information can be gained from varying cell densities. Additionally,
nonadherent cell lines in suspension allow immediate probe application,
whereas adherent cultures require an incubation time ranging from a few
hours up to one da 3 This factor was reflected in THP-1 cell line behavior,
where cells enclosed in Eppendorf tubes with growth medium more closely
resembled physiological conditions.

A comparison of ROS regulation in cancer vs. healthy cell lines was
discussed in ref. 34, where it showed that cancer cells, whose antioxidant
systems are already triggered, are more sensitive to ROS increases and are
unable to achieve redox balance, leading to higher cancer cell death rates.
Dead cells can also contribute to hypoxia, affecting the oxidation rate of
P=S groups in the polymer probe. Furthermore, the increase in the
phosphorus signal observed during our initial measurements may have
reflected changes in MR properties, like relaxation times.

In prostate cancer cells (PC3, DU145, LNCaP) ROS generation is
higher than in normal cells’. In our study, PC3 cells were used for in vitro
MR of the responsive polymer, with H,O, and NaClO as controls for
hypoxic and inflammatory environments. As previously demonstrated, PC3

plays an essential role in ROS production through activation of NADPH
oxidase (NOX), an extramitochondrial source involved in tumor progres-
sion and metastasis that can lead to ROS increase in the tumor
microenvironment™. Elevated oxidative signaling in various type of cancers,
including breast, pancreas, bladder, colon, lung, and prostate cancer, pro-
motes tumor progression®’. Furthermore, untreated tumors typically have
very low oxygen levels, comparing to median oxygenation typically ranges
between 3 and 7.4%, and exhibits oxygen levels between 0.3 and 4.2%,
affecting ROS and polymer oxidation rates.

For ROS fluorescent detection, simple buffers, such as phosphate-
buffered saline (PBS), Hanks  balanced salt solution (HBSS), or 4-(2-
hydroxyethyl)—1-piperazineethanesulfonic acid (HEPES) are preferable
over complex media. Additionally, a minimal loading dose is recommended
to obtain a stronger fluorescence signal”. We used FluoroBrite DMEM, a
specialized medium for extended optical measurements, to minimize the
high impact of PBS on cell viability and without the addition of serum or
phenol red achieve low background fluorescence™.

Strict adherence to physiological conditions is crucial for cell viability in
prolonged experiments. In this study, cell viability was assessed in Eppen-
dorftubes at room temperature, and remained high (>90%). In vitro *'P-MR
spectroscopy showed signal decay observed in normal cell lines, which may
be attributed to the decline in culture viability over time, unlike resistant
cancer cell lines. This phenomenon was evident even in prolonged mea-
surements (>24 h), where the decline in the P = S signal was observed across
all cell cultures.

Under model oxidative conditions with H,O, or NaClO, the P =S
phosphorus signal decreased rapidly due to high oxidation, contrasting with
cell lines behavior. Quantification methods for MR signals were adapted for
polymer structure changes, with P = S signals shifting to P = O, overlapping
with physiological phosphorus signals®*. Therefore, changes in signal
amplitude under oxidizing conditions were quantified based on the P=§
signal. Another reason for adopting this approach is the potential for the
physiological P=0 phosphorus signal to increase over time; spectral
changes in adenosine triphosphate levels, for example, are associated with
cell death®. In the case of the *'P/*F-polymer, fluorine signal remained
unchanged under the influence of ROS over time, confirming polymer
tracking using fluorine MRI and MRSL

In vivo experiments used a copolymer comprising fluorine and
phosphorus groups for dual *'P/*’F-MR, allowing ROS triggered func-
tionality assessment and provided an on-site reference for localization in
the body. The exogenous probe precise localization and functionality,
even at low concentrations in vivo, offers new opportunities for preclinical
and clinical applications, such as is in theranostics, where phosphopoly-
mers are covalently bound to antitumor drugs like 5-fluorouracil (5-FU),
where therapeutic effects, biodistribution, and pharmacokinetics of the
drug are simultaneously monitored using *'P/”F-MR in vivo (data not
published). However, differences in *'P-MRS amplitude of the physiolo-
gical signal due to factors like hypoxia in the tumor and the loss of cells
over time™. Therefore, signals within this frequency range can be chal-
lenging to quantify.

With these considerations in mind, we aim to obtain information from
fluorine MR. The polymer’s molecular weight (~17 kDa) facilitated tumor
accumulation via the EPR effect, enhancing pharmacokinetics and ensuring
excretion from the body post-task (the renal threshold for methacrylate-
based polymers is ~45kDa*). Biodistribution analysis confirmed that the
length of the polymer chains enabled it to function effectively as a passive
tumor-specific probe, remaining MR-detectable for up to two days. The
increase in the signal observed after the retro-orbital injection is particularly
encouraging, as it allows higher dosages and easier handling, deemed less
stressful and more humane for the animals involved”. The higher signals
observed after the L.T. injection are connected with the injection method, as
both intravenous and intratumoral injections were measured at the same
post-injection time points. Intravenous injections require more time for the
polymer to passively accumulate and exhibit higher polymer dissolution
within the system. Poor perfusion and elimination rates (after 24 h) can
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provide valuable insight for our future measurements, particularly as we aim
to observe signal changes across various models and track the impact of
attached drugs or ROS-based treatments on tumor size over time. Prolonged
retention of the probe within the tumor allows for extended treatment
duration and its biocompatibility ensures the safety of this system even
during prolonged treatments. The L. T. injections in the long-term preclinical
studies can serve as an indicator of the possible pathology onset with pre-
ferably LV. injections used in the future and higher dosages.

The fluorine signal originating from the bladder and kidneys indi-
cated polymer elimination from the body by day two post-injection.
High "F-MRS signal amplitude observed 6h PI in animals that
received the retro-orbital injection indicates that the signal did not solely
originate from the bladder (as visible in the MRI) but may have also
originate from the tumor, where the signal is strongly suppressed. Six hour
after intravenous injection, the MR signal was low and only slightly
detectable in the kidney, indicating that the polymer had yet to accumulate
in the tumor. An increase in the signal in both MRS and MRSI was
detected only 48 h P1.

Our ongoing experimental work highlights the rapid polymer probe
accumulation in tumors and high responsiveness. Pending confirmation of
ROS-triggered signal changes in vivo, we expect to further test the dual
3'P/F-MR probe as an indicator of ROS levels in bacterial infections and
cancer using different preclinical animal models and ultrahigh field MR.
This probe could also be valuable for quantification ROS-based therapies in
cancer treatment. The growing body of experimental data underscore the
covert role of ROS generation in eliminating cancer cells via different
metabolic pathways™. The ability of P =S groups to scavenge free radicals
and their oxidation to form P = O groups™ " may have therapeutic effects
on cancer and inflammation. In parallel, saturation of P =S groups of the
polymer with free radicals over time can be detected using *'P-MR. This
property allows real-time in vivo imaging of the redox environment across
clinically relevant imaging methods, demonstrating its utility in noninvasive
imaging of ROS-rich pathologies, particularly in capturing the physiological
and anatomical aspects of these conditions.

Methods

Chemicals

The compounds 2,2-azobis(2-methylpropionitrile) (AIBN), 2-cyano-2-
propyl benzodithioate (CPB), ethylene glycol, 4-methoxyphenol (MEHQ),
thiophosphorylchloride, N,N-dicyclohexylcarbodiimide (DCC), triethyla-
mine (Et;N), and 2-thiazoline-2-thiol (TT) were purchased from Sigma-
Aldrich, Czech Republic. The chemicals 3-aminopropanoic acid, 3,5-bis(-
trifluoromethyl)benzylamine (BTFBA), 2-hydroxyethyl methacrylate
(HEMA), methacryloyl chloride, and trimethylamine (Me;N) were pur-
chased from TCI Europe, Belgium. All solvents (HPLC grade), obtained
from VWR International, Czech Republic, were dried over a layer of acti-
vated molecular sieves (4 A) before use.

Synthesis of monomers

Synthesis of TMPC was performed according to a previously described
procedure by reacting thiophosphorylchloride with ethylene glycol to give 2-
chloro-1,3,2-dioxaphospholane-2-thione, which further reacted with HEMA
in the presence of Et;N to form 2-((2-thioxo-1,3,2-dioxaphospholan-2-yl)
oxy)ethyl methylmethacrylate. The resulting TMPC monomer was obtained
by subsequently opening the phospholane ring of 2-((2-thioxo-1,3,2-
dioxaphospholan-2-yl)oxy)ethyl methylmethacrylate with Me;N°. Synthesis
of 3-(3-methacrylamidopropanoyl)thiazolidine-2-thione (Ma-fAla-TT) was
performed by acylating 3-aminopropanoic acid with methacryloyl chloride in
an aqueous alkaline medium followed by the reaction of the formed
3-methacrylamidopropanoic acid with TT in the presence of DCC and
DMARP, as described previously™.

Synthesis of polymers
The polymer known as p(TMPC), hereafter referred to as the *'P-polymer,
was generated by RAFT polymerization of TMPC in the presence of CPB

and AIBN in methanol at 60 °C for 16h, as previously described’. The
number-average molecular weight (M,,) and dispersity (P) of the polymer
were 22.1 kg-mol ™' and 1.02, respectively. The polymer known as p(TMPC-
co-Ma-BAla-BTFBA), hereafter referred to as the *'P/*F-polymer, was
synthesized in three steps.

First, TMPC (2.0 g, 6.4 mmol) was dissolved in methanol (6 mL) and
added to a mixture of CPB (37.5mg, 0.17 mmol), AIBN (13.9 mg,
84.7 umol), and Ma-BAla-TT (711.8 mg, 2.8 mmol) in dimethyl sulfoxide
(4.2 mL). The polymerization mixture was thoroughly bubbled with argon
and polymerized in a sealed glass ampoule at 70 °C for 16 h. After cooling to
room temperature, the reaction mixture was precipitated into a 20-fold
excess of acetone—diethyl ether (3:1) and reprecipitated from methanol into
acetone. Centrifugation and vacuum drying of the precipitate afforded
1.23 g of the p(TMPC-co-Ma-PAla-TT)-DTB polymer precursor as an
orange powder.

Second, a mixture of p(TMPC-co-Ma-PfAla-TT)-DTB (350 mg,
28.2 pmol DTB groups) and AIBN (92.7 mg, 0.56 mmol) was dissolved in
methanol (1.0 mL), thoroughly bubbled with argon, and incubated at 80 °C
for 2 h. After cooling to room temperature, the reaction mixture was pre-
cipitated into a 20-fold excess of acetone-diethyl ether (3:1) and repreci-
pitated from methanol into acetone. Centrifugation and vacuum drying of
the precipitate afforded 321 mg of the p(TMPC-co-Ma-pAla-TT) polymer
precursor as a white powder. The M, and D of the polymer were
12.4 kg-mol ™" and 1.1, respectively. The molar content of the TT groups was
16 mol%.

Third, BTFBA (37.4 mg, 0.15 mmol) was dissolved in dimethyl sulf-
oxide (0.6 mL) and added to a solution of p(TMPC-co-Ma-BAla-TT)
(291 mg, 0.15mmol) in methanol (2.2mL). The reaction mixture was
incubated at room temperature overnight. After precipitation into a 20-fold
excess of acetone-diethyl ether (3:1), the precipitate was dissolved in
methanol and purified by gel filtration using a Sephadex LH-20 cartridge in
methanol with 10 mM LiBr. The polymer was isolated by precipitation into
acetone followed by centrifugation and vacuum drying to give 220 mg of
p(TMPC-co-Ma-PAla-BTFBA) as a white powder. The M,, and D of the
polymer were 16.7 kgmol ™" and 1.1, respectively. The molar content of the
BTEBA groups was 15 mol%.

UV-visible spectrophotometry

Spectrophotometric analysis of the polymers was carried out in quartz glass
cuvettes on a Specord Plus UV-vis spectrophotometer (Analytik Jena,
Germany). The molar content of the terminal DTB groups and pendant TT
groups in the polymers was determined in 1 cm quartz glass cuvettes at
302 nm and 305 nm at concentrations of 1.0 and 0.1 mg:mL ™" in methanol
using a molar absorption coefficient of 12,100 and 10,300 L-mol cm™,

respectively.

High-performance liquid chromatography

The purity of all low-molecular-weight compounds synthesized in this study
was verified using a high-performance liquid chromatography (HPLC)
system (Shimadzu, Japan) equipped with an internal UV-Vis diode array
detector (SPD-M20A). Separation was performed using the Chromolith
HighResolution RP18 endcapped reversed-phase column (Merck, USA)
with a linear gradient (0-100%) of a water—acetonitrile mixture containing
0.1% TFA at a flow rate of 2.5 mL-min"".

Size exclusion chromatography

The number-average molecular weight, weight-average molecular weight
(M,, and M,,), and dispersities (P, D**“ = M,,/M,,) of TMPC-based
polymers were determined by size exclusion chromatography using a
HPLC system (Shimadzu, Japan) equipped with an internal UV-Vis diode
array detector (SPD-M20A), an external differential refractometer
(Optilab T-rEX), and a multiangle light-scattering detector (DAWN
HELEOS II, both Wyatt Technology, USA). TSK gel SuperAW3000 and
SuperAW4000 columns (Tosoh Bioscience, USA) were used in series to
analyze samples in a mobile phase of 80% methanol and 20% sodium
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acetate buffer (0.3 M, pH 6.5) at a flow rate of 0.6 mL-min~". The dn/dc
values of 0.125 mL-g " were used to calculate the molecular weights of the
TMPC-based polymers.

NMR spectroscopy

The composition of polymers was determined by "H-, *'P-, and "F-NMR
spectroscopy in deuterated solvents at 25 °C on a Bruker NEO spectrometer
(Bruker, MA, USA) operating at 400, 376.48, and 161.97 MHz for 'H, °F, and
*'P, respectively. 'H-NMR spectra were calibrated to the signal of the internal
standard tetramethylsilane (TMS) at §=0.00 MHz. Typical measurement
conditions were as follows: 'H NMR: “zg” pulse sequence, 7/2 pulse width
16.5 ps, relaxation delay 10 s, spectral width 12 kHz, scan time 2.75 s, 32 scans.
“F NMR: “zg” pulse sequence, 7/2 pulse width 19 ps, relaxation delay 3 s,
spectral width 37 kHz, scan time 0.20 s, 128 scans. °'P NMR: “zgpg” pulse
sequence, 11/2 pulse width 10 ps, relaxation delay 3 s, spectral width 71 kHz,
scan time 2.99 s, 500 scans.

Cell lines

Cell lines were purchased from American Type Culture Collection®
(Manassas, VA, USA). The PC3 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with Ham’s F-12 nutrient mixture
(Gibco, Thermo Fisher Scientific, USA), 1% GlutaMAX (Gibco, Thermo
Fisher Scientific, USA), 10% fetal bovine serum (FBS, Gibco, Thermo Fisher
Scientific, USA), and 1% penicillin-streptomycin (Biosera, France). The
4T1, THP-1, and RAW 264.7 cell lines were cultured in RPMI 1640 media
(Gibco, Thermo Fisher Scientific) supplemented with 2 mmol L™ L-gluta-
mine, 10% FBS, and 1% penicillin-streptomycin. All cells were incubated
under standard conditions (T =37 °C; 5% CO,).

ROS production under hypoxic conditions. To investigate extra-
cellular ROS production, we employed 4T1 cancer cell line, as an in vitro
model representing ROS-rich tissue. The cell line was cultured as
described in the previous section. The 4T1 cell line was selected and tested
for its relevance in an in vivo cancer model. For live-cell imaging, cells
were seeded in a 96-well plate (2 x 10°mL™") and incubated for 24 h.
Subsequently, the cells were washed three times with phosphate-buffered
saline (PBS, Gibco, Thermo Fisher Scientific) before changing the med-
ium for FluoroBrite DMEM (Gibco, Thermo Fisher Scientific) contain-
ing 10 umol L™ OB (Invitrogen, Thermo Fisher Scientific, USA) in
triplicate. FluoroBrite DMEM was used in all measurements because it
exhibits no background fluorescence. OB is a sensitive fluorogenic
reagent that detects the extracellular release of oxidative products.
Excited at 488 nm and emitted at 530 nm, the fluorescent product is
formed by oxidation of the nonfluorescent substrate, where the rate of
fluorescence increase is proportional to the number of oxidative species
generated. The signal was detected using a fluorescence optical imager
(AMI HT, Spectral Instruments, USA).

In order to establish the production of ROS within the cell line, both
positive (using OB dye with 50 nM to 1 uM H,0, range) and negative
(using OB dye alone) controls were implemented. Additionally, hydrogen
peroxide, at concentrations ranging from 50 nM to 1 uM, was introduced
to the cells, dye, and culture medium to act as a positive control for
measurement. Cellular imaging was conducted at various intervals over an
8-h period following staining. Image analysis and signal quantification
were performed using Image] 1.48 (National Institutes of Health,
Bethesda, USA) and Aura 4.0 (Spectral Imaging, USA) software, whereby
the signal intensity was measured as the total emission (photons
per second) within the designated region of interest (ROI). This mea-
surement was repeated three times for each time point, and the ratio of
signal intensity between the experimental and control groups was plotted
against time.

MR instrumentation
MR experiments were performed employing the BioSpec 47/20 preclinical
experimental 4.7 T and 14.1 T scanners (Bruker, Ettlingen, Germany). On

4.7 T scanner, characterization of the polymer was performed using a small,
highly sensitive radiofrequency (RF) solenoid coil customized for 'H-, *’F-,
and *'P-MR spectroscopy (diameter = 8 mm, length = 8 mm, 4 turns)". The
resonance frequency was continuously adjustable within a range of 80 to
210 MHz, corresponding to the respective Larmor frequencies of the *'P
(81 MHz), “F (188 MHz), and 'H (200 MHz) nuclei. This coil, due to its
exceptional sensitivity and the small probe volume (V' =0.5 mL) required
for high-quality *'P-MR signal quantification, was also deemed suitable for
in vitro measurement of the polymer under oxidative conditions.

Measurements, which involved "H-MR imaging, “F-MR spectroscopy
and imaging, and *'P-MR spectroscopy, were conducted using a combi-
nation of two surface RF coils. For anatomy analysis (‘H-MRI) and probe
localization (F-MRI), a custom dual "H/”F coil (diameter =40 mm)
designed for continuous tuning between 'H and "°F Larmor frequencies was
utilized. The second coil (diameter =30 mm), a rectangular half-saddle
model optimized for in vivo mouse experiments, was used for SIP_MR
measurements.

Additional measurements of the probe internalization were made
using 14.1 T MR scanner with 'H/'’F volume coil. The signal sensitivity of
the probe on lower magnetic fields was measured using 3.0 T clinical MR
scanner, and 7 T experimental MR scanner was used to confirm the
phosphorus signal-detectability in vivo; in both systems commercial surface
"H/*'P coils were used.

MR of the *'P-polymer under hypoxic conditions

In a previous study, we employed *'P-MRS alongside a combination of 'H-
and *'P-MRI techniques to characterize a phosphorus-based *'P-polymer,
determining its relaxivity and sensitivity. Furthermore, cytotoxicity testing
of the polymer was conducted prior to in vivo measurement, revealing no
toxic effects on the viability of two distinct cell cultures’. Herein, the oxi-
dation of the *'P-polymer in vitro was tested to evaluate its sensitivity for
*'P-MR signal changes using an RF solenoid coil. We investigated ROS-
triggered chemical shift of the polymer under various oxidative conditions.
For this investigation, we used the *'P-polymer containing solely the
phosphorus P = S groups, as the simplicity of the cell line-based model does
not require biodistribution monitoring. *'P-MR spectroscopy was per-
formed using a single-pulse sequence (repetition time TR =500 ms, ST =
5 min, bandwidth BW = 200 ppm) over a prolonged period of up to 24 h.

Initially, the *P-polymer (¢” = 10 mmol L™"; V = 0.4 mL in dH,0) was
mixed with either H,O, (¢ = 20 mmol L™"; mimicking hypoxic tumor tissue)
or NaClO (c=20 mmol L™'; mimicking bacterial inflammation). Subse-
quently, the same MR measurements were proceeded with the polymer
(¢’ =10 mmol L% V'=0.05 mL in PBS) added to a suspension of 4T1, PC3,
and THP-1 cancer cell lines (average of 106.3 x 10° mL ™", with V=0.35 mL
of the respective cells in cell culture media). To prevent the creation of a
strongly hypoxic environment, all cell measurements were performed in
microcentrifuge tubes (V = 0.5 mL) with a sterile syringe filter (@ 4 mm; 0.2-
um pore size; BRAND, Merck Life Science, Germany) securely attached to
the tube’s top. The filter ensured aseptic conditions throughout the mea-
surement while allowing for air exchange. Additionally, to exclude the
influence of autoxidation, the polymer was measured in the cell-free culture
medium under identical conditions (¢’ = 10 mmol L™%; V= 0.4 mL).

For the in vitro experimental setup, we used the *'P-polymer polymer
carrying solely the phosphorus P =S groups, as biodistribution data were
not required. Localization was measured using 'H-MR imaging employing a
rapid acquisition with relaxation enhancement (RARE) sequence. Samples
from the PC3 cell line were incubated in Eppendorf tubes at room tem-
perature for subsequent measurements. Cell viability was assessed at three
time points within 1 to 3 h of incubation utilizing an automated cell counter.
The phosphorus-based probe relaxation times and MR parameters were
based on results from our previous study (ref. 6): '"H-MR T;/T, =2510.0/
2067.2 ms, *'P-MR T,/T, = 2018.3/119.9 ms.

The sensitivity of the *'P-polymer (¢"=100mmol L™"; V=1.5mL)
and responsiveness to the ROS-rich environment (H,O,, V =100 pL) was
further tested on the clinical 3 T MR scanner using *'P-MR spectroscopy
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(single-pulse sequence, TR = 1000 ms, ST = 8 min, BW = 140 ppm). The
measurements were done right after the addition of the H,O, and
after 24 h.

MR sensitivity and responsiveness of the dual *'P/"*F-Polymer
A newly synthesized double *'P/"’F-polymer was measured to validate the
sensitivity, responsiveness, and stability of both phosphorus and fluorine
signals under hypoxic conditions. The probe (¢’ = 10 mmol L™; V'=0.4 mL
in dH,0) underwent initial measurement using *'P/*’F-MRS (*F: single-
pulse sequence; TR = 500 ms, ST = 5 min, BW =40 ppm; *'P: single-pulse
sequence; TR =200 ms, ST =10min, BW =200 ppm). To confirm the
chemical shift in both fluorine and phosphorus MR, the polymer was
measured using F-MRSI (chemical shift imaging CSI sequence; TR =
200 ms, FOV = 35 x 35 mm, slice thickness = 10 mm, ST = 6-30 min) and
*'P-MRSI (CSI sequence; TR =200 ms, FOV =35 x 35 mm, slice thick-
ness=10mm, ST =6-30min) alongside 'H-MRI reference images
(*H: RARE sequence, coronal plane, TR/echo time TE = 3300/11.7 ms, field
of view FOV =35x35mm, slice thickness=0.6mm, ST=5m 165s).
Sensitivity was established based on repeat MRSI measurements with
varying scan times. Finally, the polymer was measured with hydrogen
peroxide (H,O,; ¢=20mmol L") to establish its responsiveness under
hypoxic conditions compared to the *'P-polymer and the stability of the
fluorine signal over a period of 24 h.

Additionally, *'P/**F-polymer (¢’ = 10 mmol L™%; V = 0.4 mL in dH,0)
tested for cell (RAW264.7) internalization was measured using standard
'"H-MRI reference images, “F-MRS single-pulse sequence (only polymer;
TR=1000ms, ST=2min 30s, BW=200ppm) and “F-MRS Point-
RESolved Spectroscopy sequence (PRESS, TR =1000ms, ST=1h, BW =
50 ppm; polymer mixed with H,O,, cells treated with the polymer and the
control cells).

Invivo MR
Animal protocols were approved by the Ethics Committee of the Institute
for Clinical and Experimental Medicine and the Ministry of Health of the
Czech Republic (No. 58/2014) in accordance with the European Commu-
nities Council Directive (2010/63/EU). Animals, provided by Animalab
(Czech Republic), were housed in standard laboratory cages with a 12-h
light-dark cycle in a conventional breeding facility, with ad libitum access to
water and pelleted food. Isoflurane (Baxter, Deerfield, USA) was admini-
strated for anesthesia during injections and MR experiments (5% for
induction, 1.5 to 2% for maintenance). Respiratory function was monitored
using a trigger unit (Rapid Biomedical, Berlin, Germany), and eye cream
(Ophthalmo-Septonex, Zentiva, Czech Republic) was applied to prevent
eye dryness. During MR measurements, animals were positioned in a cus-
tom coil holder heated with water-filled tubes to maintain a tempera-
ture of 37 °C.

To induce tumor growth in vivo, a cell suspension (0.5 x 10°4T1 cells;
V' =0.1 mL in PBS) was subcutaneously injected into the right mammary fat
pad of healthy female Balb/c mice. Animals were monitored daily once
tumor volume exceeded 1 mL. For polymer biodistribution experiments
(see section Proof-of-Principle In Vivo Biodistribution Based on “F-MR),
mice received LV. injections (V = 0.15 mL in PBS) via the lateral tail vein or
retro-orbitally via the venous sinus (V = 0.2 mL in PBS). In dual *'P/*F-MR
experiments (see section MR Sensitivity and Responsiveness of the dual
*'p/®F-Polymer), animals received 1.T. injection of the polymer (*'P/"’F-
polymer; ¢’ = 100 mmol L™'; ¢"=112.5mmol L") to determine the influ-
ence of ROS on the probe. For all in vivo experiments, an aqueous solution of
the polymer was injected.

Proof-of-principle in vivo biodistribution based on ®F-MR. In vivo
investigations aimed to assess the biodistribution and efficiency of the
*'P/"F-polymer in reaching the tumor via passive accumulation. Lever-
aging the EPR effect, inherent to tumors with compromised lymphatic
drainage, these studies were conducted on Balb/c mice bearing estab-
lished tumors. Injections were administrated at two different sites to

evaluate delivery efficiency. Comparison between intravenous I.V. and
R.O. injection methods were performed using the dual *'P/"*F-polymer
(V=0.15/ 02mL in PBS, respectively). Monitoring of the animals
employed several MR methods, with the highly sensitive fluorine signal
used as the distribution indicator. These techniques included 'H-MR
imaging (RARE sequence, coronal plane, TR/TE=3300/11.7 ms,
FOV =60 x 60 mm, slice thickness=1.2mm, ST=1m 19s), YF-MR
spectroscopy (single-pulse sequence; TR =150 ms, ST =5 min, BW =
100 ppm), and “F-MR imaging (CSI; TR = 150 ms, ST = 10-120 min,
BW =100 ppm). The dual 'H/*’F RF surface coil was positioned beneath
the tumor site. MR measurements were obtained at three time points: 6 h
(day 0 + 6 h), followed by 24 h (day 1, R.O. injection) and 48 h (day 2, L.V.
injection) PI.

Dual *'P/**F in vivo MR under hypoxic conditions. Animal monitoring
was conducted daily throughout the study. Once tumor volume reached
1.6 £0.6 mL, animals (N=5) received an IT. injections of the
*'P/*F-polymer (V = 0.2 mL in PBS). To investigate ROS-triggered che-
mical shifts and to track polymer degradation in vivo, three MR methods
were used: 'H-MR imaging (RARE sequence, coronal plane, TR/TE =
3300/11.7 ms, FOV =40 x 40 mm, slice thickness=1.3mm, ST=1m
19 s), >'P/"F-MR spectroscopy (single-pulse sequence; TR = 200/500 ms,
ST =10/5min, BW =200/40 ppm), and “F-MR imaging (CSL; TR =
200ms, ST=1h 8m, BW =40 ppm). Initially, the dual 'H/F RF
surface coil was positioned beneath the tumor site. Subsequently, it was
replaced with a phosphorus RF surface coil while maintaining the same
animal holder to ensure data repeatability. MR measurements were
performed immediately after injection (¢ = 0.5 h) and repeated at 24- and
48-h PL.

Quantification of MR imaging and spectroscopy data

Data processing and quantification for both *'P/"*F-MR spectroscopy and
'H/F-MR imaging was primarily carried out using custom-written
scripts developed in Matlab (Matlab R2021b, MathWorks, USA). The
scripts facilitated the simultaneous processing of time series data,
including nonlocalized measurements. Peak amplitude (for in vitro data)
or integral (for in vivo data) was used to determine the relative con-
centration of *'P nuclei (P = S signal, with a chemical shift of AS ~ 60 ppm
from the physiological signal) or fluorine signal (CF; signal, with a che-
mical shift of A§ ~ 20 ppm from the isoflurane). The same ppm range was
applied for both signal and noise calculations. Apodization techniques
were not applied during quantification to avoid potential spectral dis-
tortion. Evaluation of in vivo “hotspot” 'F-CSI sequences involved
identifying the resonance frequency range of fluorine, employing matrix
normalization to enhance contrast in the reconstructed CSI image, sup-
pressing the background noise, and overlaying the 'H-MRI reference and
"F-CSI image. For extended in vitro measurements, the *'P-MRS signal
was averaged over each hour of the experiment and expressed as a per-
centage change in signal amplitude relative to the experiment onset.
In vivo "°F- and *'P-MRS data were quantified using an integral (I) ratio
of signal (S) and noise (N), calculated as SNRyrs = 157’, (1). Due to
the overlapping frequencies of the physiological phosphorus signal
(81.157 kHz), quantification of the total conversion of the phosphorus
signal to the P =0 groups was not feasible. Instead, the amplitude or
integral of the P = S phosphorus MR signal was evaluated. Quantification
of the "F-CSI signal and background noise was performed using Image]J
software, and the SNR was calculated as SNRz; = aﬁ -0.655 (2), where S
is the signal intensity in ROI, ¢ is the standard deviation of background
noise, and the constant 0.655 accounts for the Rician distribution of
background noise in the magnitude MR image®.

Conclusion

This study introduces ROS-sensitive probes derived from hydrophilic
phospho-/fluoropolymers for application in X-nuclei MR. Our results
demonstrate their reliable monitoring via *'P/"’F-MR techniques, serving
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as sensitive *'P-MR sensors capable of detecting ROS overproduction in
specific pathologies, observed even at magnetic field strengths used in
clinical practice. The probe’s design includes a thiophosphoester groups
(P=S), which exhibits a distinct chemical shift relative to signals
from naturally occurring biomolecules, making it detectable in vivo.
The P=S groups acts as an in situ ROS detector, with oxidation
leading to a detectable *'P-MR chemical shift change. Furthermore, the
incorporation of a trifluoromethyl groups (CF;) aids in localizing the
probe by “F-MR, offering precise on-site information regarding phar-
macokinetics and distribution data within the body with high specificity,
reaching 100%.

Our findings highlight the probe’s accumulation at tumor sites and
its in vivo responsiveness, as indicated by natural clearance and ROS-
induced oxidation. The MR-based localization and functionality of this
exogenous probe, even at low concentrations in vivo, show promise as a
versatile tool for functional and on-site localization using *'P/F-MR
imaging. With unique properties including distinct chemical shifts, ROS
scavenging capabilities, and biodistribution tracking, this probe holds
significant potential for elucidating oxidative stress’s role in disease and
exploring targeted therapeutic ROS-based interventions. Consequently, it
represents an innovative approach to responsive *'P-MR, complementing
traditional 'H-MRI anatomical information by providing insights into
tumor physiology.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

Code availability

The custom-written scripts generated for MR data analyses developed in
Matlab (Matlab R2021b, MathWorks, USA) during the current study are
available from the corresponding author on reasonable request.
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