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A B S T R A C T

Theranostic systems that integrate therapeutic delivery with diagnostic imaging hold strong potential in 
biomedical applications. Nanocarriers with imaging and controlled release functions enable real-time tracking 
and localization of therapeutics, while hydrogels with diagnostic capabilities support applications such as sus
tained drug release, cell encapsulation, and cell tracking. Fluorine-19 magnetic resonance imaging (19F-MRI) is a 
promising non-invasive complement to conventional proton MRI, though its clinical translation remains limited 
by the lack of optimal tracer systems. Herein, we report the development of BAB-type triblock copolymers 
comprising a hydrophilic poly(2-ethyl-2-oxazoline) (PEtOx) A block and a thermoresponsive poly[N-(2,2- 
difluoroethyl)acrylamide] (PDFEA) B block, statistically copolymerized with a ROS-responsive monomer bearing 
phenylboronic ester groups. These polymers self-assemble into nanoparticles at low concentrations and form 
thermogelling hydrogels at higher concentrations, allowing for formulation-dependent versatility. The ROS- 
sensitive component enables disassembly at pathophysiologically relevant ROS levels (~0.4–2 mM), facili
tating targeted therapeutic release in oxidative environments such as tumors. The polymers form physically 
crosslinked nanogels (hydrodynamic radius ≈160–760  nm) at 37 ◦C, which undergo ROS-triggered disassembly. 
Selected formulations demonstrated excellent 19F-MRI relaxation properties suitable for in vivo imaging. Cyto
compatibility was confirmed in vitro using human foreskin fibroblasts. Overall, the developed polymers offer a 
versatile platform for biomedical applications—ranging from thermogelling injectable hydrogels for drug de
livery or cell encapsulation, to nanocarriers for ROS-triggered therapeutic release—all while enabling non- 
invasive monitoring via 19F-MRI.

1. Introduction

Theranostics, which integrate therapeutic and diagnostic capabil
ities, have emerged as a highly promising approach, particularly in the 

field of cancer treatment [1]. This dual functionality allows for early 
diagnosis, precise molecular imaging, targeted therapy exploiting 
optimal dosages at selected time points, and real-time monitoring of the 
therapeutic efficacy [2]. A notable subset of theranostics involves 
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nanocarrier-based systems that incorporate both a diagnostic compo
nent and an encapsulated therapeutic agent. The inclusion of a diag
nostic modality offers the significant advantage of correlating 
therapeutic outcomes with the presence of the nanocarrier or the 
administered drug at the tumor site [3].

Magnetic resonance imaging (MRI) is a widely used, non-invasive 
medical imaging technique. Its importance in medicine has been 
growing, especially following FDA’s Center for Devices and Radiological 
Health, which started an initiative to minimize unnecessary radiation 
exposure from medical imaging [4]. Conventional 1H-MRI offers many 
advantages such as high-resolution anatomical imaging of soft tissues 
and no limitation regarding sample penetration. However, MRI has its 
limitations, namely that many pathologies have similar MR properties to 
those of surrounding tissues, rendering them difficult to distinguish from 
one another [5,6]. Although paramagnetic contrast agents can enhance 
contrast, they often come with drawbacks, including potential toxicity 
and restricted biodistribution [7]. As an alternative method to broaden 
the scope of MRI, the detection of fluorine-19 in MRI (19F-MRI) has 
gained increasing attention. Natural fluorine is monoisotopic (only 19F) 
and this nuclide exhibits magnetic resonance (MR) sensitivity similar to 
that of 1H. Additionally, the natural abundance of 19F in the human body 
is minimal, as it is predominantly found in bones and teeth. These tissues 
are not typically accessible through MRI visualization since fluorine 
here is present in the form of fluoroapatite with inappropriate relaxation 
properties for MRI, so natural background is close to zero [8]. The 
adaptation of conventional 1H-MRI scanners for 19F-MRI requires only 
minor modifications, enabling its practical integration into clinical set
tings for so-called dual imaging (1H-19F MRI) of 19F-containing tracers 
[9]. Despite these advantages, the broader application of 19F-MRI is 
constrained by the limited availability of suitable fluorinated tracers.

Ideal tracers should contain a high fluorine content, exhibit appro
priate physico-chemical properties (including magnetically and chemi
cally equivalent fluorine atoms), optimal MR relaxation times (T1 and 
T2), and must be non-toxic, biocompatible, and excretable from the body 
after fulfilling their task [10,11]. Fluorinated macromolecules have been 
explored as prominent 19F-MRI tracers [10,12]. Unlike the low- 
molecular perfluorinated tracers, the biodistribution of polymeric 
tracers can be tailored, while a high content of chemically equivalent 
fluorine can also be achieved [11,13]. Recently, a novel macromolecular 
19F-MRI tracer, poly[N-(2,2-difluoroethyl)]acrylamide (PDFEA), has 
been developed, with close to ideal properties in terms of 19F MRI 
[10,11,14]. PDFEA contains 28 wt% magnetically equivalent fluorine 
atoms, which leads to a single signal in the MR spectrum while the 
solvation of the fluorine atoms in PDFEA-based self-assembled struc
tures leads to highly suitable 19F-MR relaxation properties [14–16].

In addition, aqueous solutions of PDFEA exhibit lower critical solu
tion temperature (LCST) behavior, meaning that the polymer is soluble 
in aqueous solutions at temperatures below the LCST, while undergoing 
phase separation above its LCST [17]. For this reason, PDFEA co
polymers can self-assemble into well-defined supramolecular nano
carriers, while retaining 19F-MRI detectability. Depending on the 
architecture and chemical nature of their building blocks, these poly
mers can form nanoparticles, injectable implants, or physically cross
linked hydrogels [10]. This structural versatility makes PDFEA 
copolymers highly suitable for a broad range of biomedical applica
tions—from nanocarriers enabling sustained or controlled drug release 
to potential use in cell encapsulation and labeling for advanced cell 
therapies [10,18,19].

In the nanoparticle form, PDFEA copolymers can passively target 
tumor sites for smart drug delivery when they are loaded with thera
peutic compounds [12]. Passive targeting of tumor sites through nano
particles is a phenomenon explained via the well-known enhanced 
permeation and retention (EPR) effect, in which nanoparticles of certain 
sizes accumulate at tumor sites [20]. Passive targeting can be combined 
with controlled release by introducing reactive targeting moieties that 
are responsive to relevant stimuli, such as the tumor microenvironment. 

Once the nanoparticles accumulate at these tumor sites, they are 
exposed to the physiological conditions of the tumor microenvironment, 
which differ from those of healthy tissue. It is known [21] that the tumor 
microenvironment contains larger amounts of reactive oxygen species 
(ROS), such as hydrogen peroxide, singlet oxygen, and superoxide an
ions, compared to healthy tissues, which can be exploited as a reactive 
targeting strategy [22]. This can be achieved by incorporating ROS- 
responsive moieties, which allow for nanocarrier disassembly upon 
oxidation, resulting in the controlled release of the encapsulated ther
apeutic compound at the tumor site [23].

Hydrophilic poly(2-alkyl oxazolines) (PAOx) have emerged as 
promising candidates to replace polyethylene glycol (PEG) in biomed
ical applications due to the increasing incidence of anti-PEG antibodies 
resulting from the overuse of PEG-based detergents in everyday products 
and PEGylated nanoparticles in COVID-19 vaccines [24]. Structural 
variation of PAOx leads to the creation of a wide variety of biocom
patible polymers [25]. Among these, PEtOx exhibits LCST properties in 
the range of 60 – 70 ◦C, depending on the degree of polymerization, 
polymer concentration, as well as the presence of salts. Hence, it has 
gained increasing attention in the context of biomedical applications as 
a biocompatible and hydrophilic polymer applicable at physiologically 
relevant temperatures [26]. Moreover, PEtOx has been widely used as a 
hydrophilic corona in nanocarrier systems due to its stealth properties, 
effectively prolonging circulation time in the bloodstream and reducing 
recognition by the immune system [27]. In this study, we developed BAB 
triblock copolymers, where B is a statistical ROS- and thermoresponsive 
copolymer of DFEA and [4-(O-methacryloylaminomethyl) phenyl
boronic acid pinacol ester] (ROSm), and A is poly(2-ethyl-2-oxazoline) 
(PEtOx) as hydrophilic block. The ROSm decomposes into poly
methacrylic acid in an environment with excessive ROS levels (patho
physiologically relevant H2O2 concentrations of approximately 1 mM 
[24]) [23]. We prepared six triblock copolymers targeting two different 
hydrophilic-to-hydrophobic block ratios (1:2 and 1:4) and within these 
two groups, we varied the ROSm content from 1 mol% to 8 mol% with 
respect to the overall polymer. We determined their ability to self- 
assemble upon increasing temperature, to physically crosslink into 
hydrogels following a change in polymer concentration, and their 
disassembly or reshaping upon exposure to H2O2. The cloud point 
temperature (TCP), morphology, and size of the obtained particles were 
studied using dynamic light scattering (DLS), static light scattering 
(SLS), and turbidimetry. The results were compared with data gathered 
from transmission electron microscopy (TEM). We assessed the suit
ability of the selected particle systems to serve as fluorinated macro
molecular tracers via 19F-MRI, 19F magnetic resonance spectroscopy 
(MRS), and by evaluating their relaxation properties. Finally, the cyto
compatibility of these particle systems was investigated in vitro via live/ 
dead assays.

2. Experimental section

2.1. Materials

α,α′-Dibromo-p-xylene (initiator), 2-ethyl-2-oxazoline, potassium 
hydroxide (KOH) (>97 %), ethyl acetate (≥99.7 %, EtOAc), deuterated 
dimethylsulfoxide (DMSO‑d6, ≥98 %), triethylamine (TEA, ≥ 99 %), 
acryloyl chloride (99 %, ≈ 400 ppm phenothiazine as stabilizer), 
methacryloyl chloride (97 %, contains monomethyl ether hydroquinone 
as stabilizer), Dulbecco’s modified Eagle medium (DMEM), 10 v/v% 
fetal bovine serum (FBS), 1 v/v% penicillin/streptomycin, calcein- 
acetoxymethyl (Ca-AM), propidium iodide (PI), 4-cyano-4-[(dodecylsul
fanylthiocarbonyl)sulfanyl]pentanoic acid (97 %, CTA), 4-(hydrox
ymethyl) phenyl boronic acid pinacol ester, and 2,2′-azobis(2- 
methylpropionitrile) (AIBN, 98 %) were purchased from Sigma-Aldrich 
(Diegem, Belgium). Methanol (MeOH), tetrahydrofuran (THF) and N,N’- 
dicyclohexylcarbodiimide were purchased from Acros Organics (Geel, 
Belgium) and dried using conventional procedures before use. CD3OH 
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(methanol‑d4, 99.80 % D) was purchased from Eurisotop (Saint-Aubin, 
France). 2,2-difluoroethylamine (97 %) was acquired from Fluorochem 
(Derbyshire, UK). Deionized water used in all experiments (resistivity 
higher than 18.2 MΩ⋅cm) was prepared using an Arium® 611 (Sartorius, 
Goettingen, Germany) with the Sartopore 2 150 (0.45 + 0.2 µm pore 
size) cartridge filter. Chloroform (stabilized with amylene, >99 %), 
dichloromethane, and diethyl ether (stabilized with 5–7 ppm BHT, >99 
%) were supplied by Chem-lab NV (Zedelgem, Belgium). Magnesium 
sulfate anhydrous was purchased from Carl Roth (Karlsruhe, Germany). 
Human foreskin fibroblasts (HFFs) were purchased from ATCC (Amer
ican Type Culture Collection).

2.2. Methods

2.2.1. Synthesis of ROS-responsive oxygen-containing 4-(O- 
methacryloylaminomethyl) phenylboronic acid pinacol ester monomer 
(ROSm)

According to a previously described protocol [28], 4-(hydrox
ymethyl)phenyl boronic acid pinacol ester (8.54 mmol, 2.00 g) was 
dissolved in anhydrous DCM (30.0 mL), and TEA (10.3 mmol, 1.04 g) 
was added to the solution at 0 ◦C. Afterwards, distilled methacryloyl 
chloride (10.3 mmol, 1.10 g), dissolved in 5.00 mL anhydrous DCM, was 
added dropwise within approximately1 h while keeping the reaction at 
0 ◦C under fast mechanical stirring and an argon atmosphere. Then, the 
reaction was left at room temperature under continuous stirring for 7 h. 
The product was washed with brine thrice, dried over anhydrous 
MgSO4, and filtered prior to solvent removal via rotary evaporation. 
Silica column chromatography was performed using hexane/ethyl ace
tate (v/v = 9/1) as eluent for purification of the product, followed by 
solvent removal on a rotary evaporator. ROSm was obtained as a 
colorless oil with a yield of 2.40 g (77.0 %).

1H NMR characterization (DMSO‑d6): 1.3, (s, 12H, CH3), 2, (s, 3H, C- 
CH3), 5.2, (s, 2H, OCH2), 5.6, (s, 1H, C=CH2), 6.1, (s, 1H, C=CH2), 7.36, 
(d, 2H, aryl), 7.8, (d, 2H, aryl) (Fig. S1).

2.2.2. Synthesis of bifunctional poly(2-ethyl-2-oxazoline) (PEtOx) 
macroCTA

All chemicals for the synthesis of PEtOx were purified and dried by 
distillation under argon (EtOx, EtOAc) or by recrystallization and drying 
in a desiccator (initiator) and stored in a glovebox (VIGOR Sci-Lab SG 
1200/750 glovebox system with a water concentration ≤ 0.1 ppm) 
under argon atmosphere. The initiator α,α′-dibromo-p-xylene (165 mg, 
0.625 mmol), EtOx (5.20 mL, 51.5 mmol), EtOAc (7.60 mL, 77.8 mmol), 
and a stirring bar were added to the polymerization flask in the glovebox 
under an argon atmosphere and sealed before removing the flask from 
the glovebox. The polymerization was then let to stir at 80 ◦C for 25 h 
(Fig. 1). The polymerization was quenched with 3.0 equivalents of CTA 
dissolved in 2.0 mL of dry EtOAc after adding 3.6 equivalents of dry 
TEA, with respect to the molar amount of the initiator. After addition of 
the CTA⋅TEA salt, the reaction mixture was let to stir at room temper
ature overnight. The polymer was purified by precipitation in diethyl 
ether, which was cooled using liquid N2. Afterwards, the polymer was 
dissolved in MeOH and purified by preparative gel chromatography 
using Sephadex LH-20 and MeOH as the mobile phase. Finally, the 
collected polymer fractions were dried by rotary evaporation, the 
polymer was redissolved in water, and freeze-dried to obtain the final 
product (7.3 g, 66 %). The end-capping degree of PEtOx macroCTA was 
determined via UV–Vis spectroscopy to be 81 %. (λ = 308 nm, ε =

14.793 mM− 1 cm− 1; calibration curve R2 = 0.999).
1H NMR characterization (DMSO‑d6): 1 (3H, CH3), 2.3 (2H, CH3- 

CH2), 3.4 (4H, N-CH2CH2), 1.3 (CTA) (Fig. S2).

2.2.3. Synthesis of N-(2,2-difluoroethyl)-acrylamide (DFEA) monomer
As described in our previous study [14], 2,2-difluoroethylamine 

(7.50 mL, 8.62 g, 106 mmol) and triethylamine (TEA, 18.2 mL, 13.2 
g, 130 mmol) were dissolved in dry tetrahydrofuran (THF, 500 mL) at 
0 ◦C, in a water/ice bath. Acryloyl chloride (10.7 mL, 11.9 g, 132 mmol) 
was dissolved in dry THF (10 mL), and added dropwise to the TEA/DFEA 
solution under vigorous stirring at 0 ◦C. Afterwards, the reaction 
mixture was left to stir at room temperature for 7 h. The reaction 
mixture was then filtered through a borosilicate glass buchner filter 
under vacuum, and the filtrate was diluted with diethyl ether (500 mL). 
The diluted filtrate was washed three times with an aqueous NaHCO3 
solution, and three times with saline using a separation funnel. The 
organic phases were dried over anhydrous MgSO4, the solvent was 
removed using a rotary evaporator, and the product was purified by 
chromatography (mobile phase: ethyl acetate/hexane 1:2). The product 
was obtained as an off-white solid with a yield of 9.05 g (50 %).

1H NMR characterization (DMSO‑d6, 400 MHz): 8.48 (t, J = 4.9 Hz, 
1H), 6.28 (dd, J = 17.1, 10.1 Hz, 1H), 6.14 (dd, J = 17.1, 2.2 Hz, 1H), 
6.04 (tt, J = 55.8, 3.8 Hz, 1H), 5.65 (dd, J = 10.1, 2.2 Hz, 1H), 3.57 ppm 
(tdd, J = 16.1, 6.0, 3.9 Hz, 2H) (Fig. S3).

2.2.4. Synthesis of triblock copolymers (P1-P6)
Triblock BAB copolymers were synthesized by Reversible Addition- 

Fragmentation Chain Transfer (RAFT) polymerization (Fig. 2a). The 
bifunctional PEtOx macroCTA, DFEA monomer, ROSm, and AIBN 
initiator were dissolved in anhydrous DMF (Table 1), bubbled with 
argon for 30 min, and then left to react overnight in an oil bath at 70 ◦C 
under continuous mechanical stirring. The reaction mixture was 
precipitated in diethyl ether, dissolved in water on an ice bath, and 
freeze-dried to obtain the products as off-white powders. Yields: P1 
(488 mg; 81 %), P2 (563 mg; 93 %), P3 (546 mg; 90 %), P4 (425 mg; 81 
%), P5 (320 mg; 61 %), P6 (360 mg; 68 %).

1H NMR characterization (P1, P2, P3, P4 and P6 in methanol‑d4, P5 
in DMSO‑d6): PEtOx traces at 1 (3H, CH3), 2.3 (2H, CH3-CH2), 3.53 (4H, 
N-CH2CH2); PDFEA traces at 8 (1H, NH), 5.7–6.2 (CF2H, t, J = 56 Hz), 
3.5–3.7 (2H, CH2CF2H), 2–2.3 (1H, CHCH2) 1.45–1.9 (2H, CHCH2), 
ROSm traces at 1.30–1.39 (12H, CH3), 1.07–1.16 (3H, CH3), 5 (2H, O- 
CH2), 1.45–1.9 (2H, CH3C-CH2), 7.6–7.8 (2H, Ar H), 7.4 (2H, Ar H), 
along with CTA end-moiety at 1.22. Integrals P1: PDFEA trace 5.7–6.2 
ppm, CF2H = 1 (1H), PEtOx trace 3.53 ppm, N-CH2CH2 (4H) merged 
with PDFEA trace 3.5–3.7 ppm, CH2CF2H (2H) = 3.0057, ROSm traces 
7.4 ppm, Ar H = 0.0432 (2H); P2: PDFEA trace 5.7–6.2 ppm, CF2H = 1 
(1H), PEtOx trace 3.53 ppm, N-CH2CH2 (4H) merged with PDFEA trace 
3.5–3.7 ppm, CH2CF2H (2H) = 3.1604, ROSm traces 7.4 ppm, Ar H =
0.1383 (2H); P3: PDFEA trace 5.7–6.2 ppm, CF2H = 1 (1H), PEtOx trace 
3.53 ppm, N-CH2CH2 (4H) merged with PDFEA trace 3.5–3.7 ppm, 
CH2CF2H (2H) = 3.2423, ROSm traces 7.4 ppm, Ar H = 0.211 (2H); P4: 
PDFEA trace 5.7–6.2 ppm, CF2H = 1 (1H), PEtOx trace 3.53 ppm, N- 
CH2CH2 (4H) merged with PDFEA trace 3.5–3.7 ppm, CH2CF2H (2H) =
3.7946, ROSm traces 7.4 ppm, Ar H = 0.0415 (2H); P5: PDFEA trace 
5.7–6.2 ppm, CF2H = 1 (1H), PEtOx trace 1 ppm, CH3 = 2.0161 (3H), 
ROSm traces 7.4 ppm, Ar H = 0.0779 (2H);); P6: PDFEA trace 5.7–6.2 
ppm, CF2H = 1 (1H), PEtOx trace 3.53 ppm, N-CH2CH2 (4H) merged 
with PDFEA trace 3.5–3.7 ppm, CH2CF2H (2H) = 4.271, ROSm traces 

Fig. 1. Synthesis scheme of bifunctional PEtOx macroCTA.
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7.4 ppm, Ar H = 0.1967 (2H) (Figs. S4-S9).

2.2.5. Size exclusion chromatography
Mass-averaged molecular weight (Mw), number-averaged molecular 

weight (Mn), and dispersity (Ð = Mw/Mn) of the polymers were deter
mined by size exclusion chromatography (SEC) using an Agilent 1260- 
series high performance liquid chromatography (HPLC) system equip
ped with a 1260 ISO-pump, a 1260 automatic liquid sampler, a column 
compartment heated to 50 ◦C equipped with two PLgel 5 μm mixed-D 
columns and a precolumn in series, a RI detector and 1260 diode 
array detector (DAD). The used eluent was dimethylacetamide (DMA) 
containing 50 mM of LiCl at a flow rate of 0.5 mL/min. Molar mass 
values and dispersities were calculated against poly(methyl
methacrylate) (PMMA) standards. The chromatograms were analysed 
using Agilent GPC Data Analysis Software (Agilent Technologies, CA, 
USA,).

2.2.6. Proton nuclear magnetic resonance (1H NMR) spectroscopy
1H NMR spectra (16 scans, 4.1 s acquisition time, 1.0 s relaxation 

delay) were acquired using a Bruker Avance MSL 400 MHz spectrom
eter. These spectra were used to determine the polymer purity, block 
ratios of PDFEA (CHF2 group of PDFEA, δ = 6.0, 1H corresponds to 1 
DFEA unit), PEtOx (CH2 groups on the backbone, δ = 3.5, 4H correspond 
to 1 PEtOx unit), and ROSm (aryl CH groups, δ = 7.3, 2H correspond to 1 
ROSm unit).

2.2.7. Dynamic light scattering
Intensity-weighted distributions of the hydrodynamic radius (RH) 

and scattering intensity of the polymeric assemblies as a function of 
solution temperature (from 15.0 to 50.0 ◦C, in increment of 1.0 ◦C) were 
measured using a Zetasizer Nano-ZS Malvern instrument (Malvern In
struments, Malvern, UK) with disposable polymethyl methacrylate cu
vettes. The excitation light source was a He − Ne laser at 633 nm and the 
scattered light intensity was measured at an angle of 173◦. All polymer 
solutions (concentration 1.0 mg/mL in 140 mM phosphate saline buffer 
(PBS), pH 7.4) were kept in the fridge for 15 min and then filtered before 
measurement using a 0.45 μm PVDF syringe filter. To ensure accuracy, 
the set points of the temperature values were maintained within ±
0.1 ◦C. The samples were incubated at each temperature for 500 s before 
obtaining measurements. An automatic titrator connected to the Zeta
sizer instrument was utilized to evaluate the ROS-responsive particle 
disassembly via experiments in which the polymer solutions in PBS were 
titrated with a series of injections of H2O2 solution in PBS at 37 ◦C while 
the intensity-weighted distributions of RH and scattering intensities of 
the polymeric assemblies were measured via Zetasizer instrument. Five 
consecutive measurements (titration progress number) for each H2O2 
concentration were performed starting from 0 until ~ 3.84 mM as 2 μL 
injections from a 200 mM H2O2 solution were added into the sample cell 
containing 5 mL polymer solution (1 mg/mL). The data were processed 
using the Repes algorithm as well as Zetasizer software [29].

2.2.8. Static light scattering
The molecular weight of the particles (Mw,p) and radius of gyration 

(Rg) at 25 ◦C and 37 ◦C were determined by SLS using ALV-6000 
equipment (ALV-GmbH, Langen (Hesse), Germany). For sample P5, 

the same study was conducted at 25 ◦C and 35 ◦C (due to the low sta
bility of the P5 solution at 37 ◦C). The z-averaged radius of gyration of 
particles, <Rg> z, and the molecular weight, Mw,p were obtained from 
measurements at a range of scattering angles (30◦ to 149◦, increment 4◦) 
and polymer concentrations (0.66, 0.71, 0.76, 0.83, 0.9, and 1 mg/mL in 
140 mM PBS, pH 7.4). All samples were filtered using a 0.45 µm PVDF 
syringe filter. SLS was measured three times and the SLS acquisition time 
was 40 sec. Subsequently, we constructed a Zimm plot (sample P3 at 
25 ◦C, and P5 at 35 ◦C), a Guinier plot (P4 both at 25 and 37 ◦C), and a 
Berry plot (P3 at 37 ◦C, and P5 at 25 ◦C) from the obtained data and 
analyzed them by the ALV/static and Dynamic FIT and PLOT 4.31 10/01 
software (Langen/Hessen, Germany).

In addition, we measured the differential refractive index (dn/dc) 
using a Brookhaven Instruments Differential Refractometer, followed by 
analysis through Brookhaven Refractometer Software Ver. 5.32 at 
different polymer concentrations (0.08, 0.2, 0.4, and 1 mg/mL in 140 
mM PBS) and temperatures of 25 and 37 ◦C.

The densities of the particles (ρ) were calculated using Eq. (1) [30], 

ρ = Mw,p/NA

(
4
3

)

πR3
g (1) 

where NA is Avogadro’s number.

2.2.9. Turbidimetry
Turbidimetry was performed using a Crystal16™ parallel crystallizer 

turbidimeter (Avantium Technologies, Ontario, Canada) connected to a 
recirculation chiller and dry compressed air. Aqueous polymer solutions 
were heated from 10.0 ◦C to 80.0 ◦C at a heating rate of 0.5 ◦C/min, 
followed by cooling to 10 ◦C and maintaining this temperature for 30 
min. Each measurement was repeated 6 times; the samples were stirred 
at 700 rpm. All polymers were dissolved in ultrapure water, and phos
phate buffered saline (PBS, 140 mM, pH = 7.40) at a concentration of 
2.5, 5.0, 10.0, 25, 50, and 100 mg/mL. The samples with polymer 
concentrations of 100 mg/mL were prepared via addition of water to the 
polymer in the vial and then they were left to dissolve in the fridge 
overnight. The lower concentrations were prepared by serial dilutions of 
the 100 mg/mL solutions. The samples were stored at 4 ◦C prior to the 
measurements. Transmittance was monitored at λ = 600 nm. The cloud 
point temperature (TCP) was determined from the point at which the 
transmittance dropped below 50 % [31].

2.2.10. Transmission electron microscopy
The morphology of the nanoparticles was visualized using a TEM 

microscope (Tecnai G2 Spirit Twin 12; FEI Company, Brno, Czech Re
public) equipped with a cryogenic sample holder (Gatan, CA, USA). The 
selected polymers P3, P4, and P5 at a polymer concentration of 1.0 mg/ 
mL in water were characterized after application of our fast-solvent- 
removal protocol and negative staining with uranyl acetate [32,33]. 
The fast-solvent-removal protocol, which fixes the morphology of the 
samples (based on the assumption that the solvent removal is faster than 
a possible desctruction of nanoparticle morphology), was applied at two 
temperatures of 5 ◦C and 39 ◦C.

The fast solvent removal at 5 ◦C was performed in three steps: Firstly, 
the solutions of the selected thermoresponsive polymers (P3, P4, and P5) 

Table 1 
Masses and molar amounts of bifunctional macroCTA (mmacroCTA, nmacroCTA), DFEA monomer (mDFEA, nDFEA), ROSm monomer (mROSm, nROSm), initiator AIBN (mAIBN, 
nAIBN), and volume of dry DMF (VDMF) used in the RAFT polymerization of BAB triblock copolymers P1-P6.

Polymer mmacroCTA (mg) nmacroCTA (mmol) mDFEA (mg) nDFEA (mmol) mROSm (mg) nROSm (mmol) nAIBN (mmol) VDMF (mL)

P1 100 0.019 473.4 3.5 26.6 0.08 0.018 1.3
P2 100 0.019 433.4 3.2 66.6 0.22 0.018 1.3
P3 100 0.019 400.6 3 99.4 0.33 0.018 1.3
P4 150 0.028 356 2.6 19 0.06 0.027 1.3
P5 150 0.028 337 2.5 38 0.12 0.027 1.3
P6 150 0.028 299 2.2 76 0.24 0.027 1.3
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and tools for sample preparation (microscopic grids, tweezers, tips for 
micropipettes, etc.) were left to equilibrate in the laboratory refridger
ator. Secondly, 2.0 μL of the cooled solutions was deposited on a carbon- 
coated copper TEM grid and left to evaporate for 1 min (while the 
sample was still in the refridgerator at 5 ◦C). Finally, the excess solvent 
on the grid was removed by touching the bottom of the grid with a small 
thin strip of filter paper. This fast removal of the solution is a key step in 
the fast-drying method, which minimizes drying artifacts, as shown in 
our previous studies [32].

The fast solvent removal at 39 ◦C was performed in an analogous way 
as described in the previous paragraph. The only difference was that the 
samples and all preparation tools were kept in a laboratory oven. The 
dried samples were equilibrated for at least 1 h in air at room temper
ature and then they were observed in TEM using bright field imaging at 
120 kV.

2.2.11. 19F NMR spectroscopy and relaxation measurements
The T1 and T2 relaxation properties of 19F atoms were measured with 

a Bruker 400 MHz. Both parameters were measured for each sample 
(polymer concentration of 10 mg/mL in deuterated 140 mM PBS, pH 
7.4, at both 25 ◦C and 37.0 ◦C). The samples were incubated for at least 
15 min at the given temperature before assessment.

The T1 relaxation time was measured with an inversion recovery 
experiment (D2 = 0.2 to 3276.8 ms with exponential distribution (two- 
fold increase). The T2 relaxation time was measured with CPMG- 
sequence (D2 = 0.05 ms; n = 4 to 65536) with exponential distribu
tions (two-fold increase). Pulse width of 180◦ and 90◦ pulses were 
optimised before each measurement.

Afterwards, the samples were oxidized using 10 mM H2O2 mimicking 
an oxidative environment, left to react for 24 h and re-measured under 
identical conditions.

The T1 and T2 relaxation properties were determined using a non- 
linear mixed effect model using custom-made scripts in R (details are 
provided in the Supplementary Information (SI) of this study; section 
S6).

2.2.12. 19F magnetic resonance spectroscopy (MRS) and imaging (MRI)
We prepared a set of 18 phantoms with various concentrations 

(Eppendorf tubes; volume 250 µL; polymer P3-P5 solutions in 140 mM 
PBS, pH 7.4, at concentrations of 1, 3, 6, 12, 25, and 50 mg/mL). The 
phantom with the highest concentration (50 mg/mL) was used to ac
quire 19F-MR spectra at room temperature using a preclinical 7 T 
scanner (MR Solutions, Guildford, UK) equipped with a 1H/19F dual- 
frequency whole-body volume coil for rats. A one-pulse FID sequence 
(bandwidth 50 kHz, repetition time TR = 1000 ms, number of acquisi
tions NA = 128) was used.

Subsequently, to estimate 19F-MRI detection limit of our setup, all 18 
phantoms were measured on 1H and 19F-MRI. We acquired a 1H-MR 
image using a gradient echo sequence (echo time TE = 4.9 ms, repetition 
time TR = 200 ms, flip angle FA = 50◦, number of acquisitions NA = 4, 
matrix 256 × 256 pixels, field of view FOV = 64 × 64 mm2, slice 
thickness 2.0 mm) and a 19F-MR image using a turbo spin echo sequence 
(echo spacing TE = 8 ms, turbo factor TF = 4, TR = 500 ms, NA = 128, 
matrix 64 × 64, FOV = 64 × 64 mm2, slice thickness 20 mm). Images 
were recorded at room temperature. Finally, we interpolated 19F images 
to the same image matrix as was acquired in the case of 1H-MRI (256 ×
256), color-coded (red), and merged with 1H images (grey scale) using 
ImageJ software [34].

2.2.13. In vitro cytocompatibility tests
HFFs were expanded under standard culture conditions (37 ◦C, 5 % 

CO2) in culture medium containing DMEM supplemented with 10 v/v% 
FBS and 1 v/v% penicillin/streptomycin (P/S). Twice a week the cells 
were checked and the medium was refreshed.

HFF cells passage 12 were seeded at 10,000 cells per well in a 96 
well-plate and cultured overnight under standard culture conditions in 

culture medium. The following day, the culture medium was removed 
and 300 µL of the dissolved material was added targeting final con
centrations of 0.25 mg/mL, 0.5 mg/mL and 1 mg/mL. A live/dead 
staining was performed on days 1, 3 and 7 post-incubation to evaluate 
the cytocompatibility of the materials across different concentrations. 
On day 1, the staining was performed after removing the polymer- 
containing solution, however without prior rinsing. This resulted in 
background fluorescence in some samples, likely due to overlap between 
the intrinsic fluorescence of the polymer and PI emission spectrum. To 
minimize this interference, the staining protocol was modified for day 3 
and day 7. Prior to staining, all designated wells were rinsed twice with 
PBS to remove any remaining material. Subsequently, 50  µL of Live/ 
Dead staining solution (1 v/v% Ca-AM in PBS (Merck) / 1 v/v% PI in 
PBS (Merck)) was added to each well and incubated for 10  min in the 
dark. Imaging was performed using green fluorescent protein (GFP) and 
Texas Red (TxRed) filter sets on a fluorescence confocal laser scanning 
microscope (Carl Zeiss LSM 710, Carl Zeiss AG, Oberkochen, Germany).

3. Results & discussion

3.1. Design, synthesis and characterization of BAB triblock copolymers

The BAB triblock copolymer architecture was selected based on 
previous reports demonstrating its ability to form nanoparticles at low 
polymer concentrations and physically crosslinked hydrogels at higher 
concentrations [14,35]. The developed BAB-type triblock copolymers 
consist of three components (Fig. 2). The synthesized bifunctional PEtOx 
macroCTA served as hydrophilic block A in the RAFT polymerization of 
the BAB triblock copolymers (P1-P6). Among the main classes of CTAs, 
trithiocarbonates are known to have high transfer constants, cause 
minimal retardation, and be hydrolytically stable. 4-Cyano-4-[(dodecyl
sulfanylthiocarbonyl)sulfanyl]pentanoic acid, which was selected as the 
CTA in this work, is known to be highly compatible with most common 
monomer types including acrylamides and methacrylates, which were 
used in this work [36]. In all cases, monomer conversion was between 
61 and 93 %. Block B consists of statistical copolymers of PDFEA, being a 
thermoresponsive polymeric 19F-MRI tracer, and ROS-responsive phenyl 
boronic acid pinacol ester-based monomer. The PDFEA polymer has 
been described previously as ideal 19F-MRI tracer capable of thermally 
induced self-assembly, allowing for the formation of well-defined 
nanoparticles (Fig. 2b). ROSm has proven effective as ROS-responsive 
moiety to be exploited in drug delivery studies [28]. At pathophysio
logically relevant ROS concentrations (~ 1 mM), benzylic-based boronic 
esters are oxidized into phenols, which then undergo a quinone methide 
rearrangement, resulting in a poly(methacrylic acid) unit, leading to a 
strong hydrophilization of the polymer block. Thus, subsequent particle 
disassembly and potential cargo release occur due to the substantial 
reduction of hydrophobic interactions (Fig. 2c). This strategy can be 
used for controlled drug release in microenvironments exhibiting 
excessive ROS concentrations such as tumor, inflammation, or chronic 
wound sites [28,37,38].

In addition, these block copolymers can be designed to have a mo
lecular weight below the renal clearance threshold [39]. Thus, once 
their function is complete, they can be excreted via the kidneys, while 
their imaging function enables for tracking to ensure they do not accu
mulate elsewhere in the body.

In this regard, P1-P6 polymers were prepared to have molar masses 
below 50 kDa (Table 2), which was determined by SEC. Furthermore, 
SEC data revealed polymer dispersities (ĐM) between 1.15 and 1.25, 
indicating that good control over the molar mass has been achieved via 
RAFT. However, the shoulders present in the SEC traces (Fig. S10) 
suggest the presence of two molar mass populations, indicating the 
coexistence of diblock and triblock copolymers. Deconvolution analysis 
(Fig. S11) revealed that the diblock copolymer constitutes 38–44 % of 
the material (Table S1). Studies report that the end-group efficiency 
might reduce due to the chain transfer reactions if the synthesis of the 
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PEtOx macroCTA is performed at elevated temperatures as high as ~ 
140 ◦C [40]. Even though the synthesis of the PEtOx macroCTA was 
performed at 80 ◦C, we might still observe a similar phenomenon and 
occurrence of chain transfer side reactions during the cationic ring- 
opening polymerization. Furthermore, the possible presence of impu
rities during end-capping, such as traces of water, could further decrease 
the end-group fidelity. In our study, the end-group functionalization was 
shown to be 81 %. Future improvements in capping efficiency could 
potentially reduce diblock formation. Nevertheless, the low dispersity 
(ĐM) shows the successful synthesis of narrowly distributed copolymers 
that self-assemble into well-defined nanoparticles, as discussed in the 
upcoming sections.

As mentioned earlier, the BAB-type block copolymers can self- 
assemble into nanoparticles and undergo physical crosslinking into 

hydrogels at higher polymer concentrations. However, this gelation 
behavior is highly dependent on the specific block ratios. Several studies 
have explored how BAB-type triblock copolymers with thermores
ponsive/hydrophobic outer chains form physically crosslinked hydro
gels [14,35,41]. These studies show that hydrogel formation typically 
requires either low or high A/B block ratios. In one mechanism, co
polymers with a long hydrophobic B block (core-forming) and short 
hydrophilic A blocks (corona-forming) assemble into micelles. As the 
concentration increases, the hydrophilic end blocks can loop back or 
bridge between micellar cores, creating physical crosslinks [41]. In 
another mechanism, where the hydrophilic A blocks are short relative to 
the thermoresponsive/hydrophobic B block, hydrophobic interactions 
can drive ’channeling’ between neighboring micellar cores [42,43]. 
These channels act as interparticle bridges, resulting in macroscopic 

Fig. 2. Scheme displaying the synthesis, concept, and function of the thermo- and ROS-responsive nanoparticle system: a) synthesis scheme and chemical structures 
of triblock copolymers P1-P6; b) nanoparticle formation from BAB-type triblock copolymers, capable of encapsulating therapeutic cargo and forming physically 
crosslinked hydrogels upon increased polymer concentration; c) ROS-responsive disassembly of nanoparticles via deprotection of ROSm, exploiting excess ROS as one 
of the ideal biomarkers characteristic of the tumor microenvironment.

Table 2 
Composition and physico-chemical properties of the synthesized bab triblock copolymers: mass average molar mass (Mw), number-average molar mass (Mn), dispersity 
(ĐM), degree of polymerization (N), mass fraction (f) of PEtOx, PDFEA, and ROSm in block copolymers and mass content of 19F in polymers as weight fraction.

Polymer Mw (kg/mol)1 Mn (kg/mol)1 ĐM (Mw/Mn) 1 NPEtOx
2 NPDFEA

2 NROSm
2 fPEtOx

2 fPDFEA
2 fROSm

2 19F wt%

CTA-PEtOx-CTA 6.1 5.3 1.15 53 0 0.0 1.00 0.00 0.00 0.0
P1 39.6 34.4 1.15 53 211 4.0 0.15 0.82 0.03 23.2
P2 40.1 33.7 1.19 53 183 12.0 0.16 0.74 0.10 20.9
P3 39.5 32.3 1.22 53 171 18.0 0.16 0.68 0.16 19.6
P4 24.1 20.5 1.17 53 118 2.0 0.24 0.73 0.03 21.0
P5 19.4 16.5 1.17 53 79 3.0 0.31 0.63 0.06 18.5
P6 19.8 15.7 1.25 53 93 9.0 0.26 0.61 0.13 17.7

1Determined by SEC; 2Determined by 1H NMR spectroscopy.
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gelation. In both scenarios, the formation of a network is highly 
dependent on the polymer concentration and nanoparticle number 
density. To ensure that the BAB copolymers exhibit this transition, we 
selected specific molecular weight ratios between the blocks. In partic
ular, the molar mass of the thermoresponsive block B was set to be either 
twice (polymers P1–P3) or four times (polymers P4–P6) that of the hy
drophilic block A, similar to ratios reported in previous studies on 
PDFEA-PEG-PDFEA [14] and poly(2-oxazoline) copolymers [35]. 
Additionally, 1H NMR spectroscopy was used to determine the degree of 
polymerization (N), providing insight into the block ratios between 
PEtOx and PDFEA, and, more importantly, enabling quantification of 
the molar content of ROSm within block B (Table 2). The total ROSm 
content varied from 1.5–7.5 mol % and 1.2–5.8 mol % for the polymers 
P1-P3 and P4-P6, respectively.

3.2. Nanoparticle characterization via light scattering methods

3.2.1. Temperature-dependent particle size and type
The self-assembly of the prepared triblock copolymers P1-P6 was 

investigated using DLS and SLS (Table 3). Notably, the polymers spon
taneously formed nanoparticles in aqueous solutions via direct dissolu
tion, without the need for time-consuming and/or sophisticated 
techniques such as thin film rehydration, nanoprecipitation, or micro
fluidics [44].

First, the hydrodynamic radius (RH) of the particles was measured as 
a function of temperature using DLS (Fig. 3, Fig. 4, and Fig. 5 & 
Figs. S12). The results revealed that the samples underwent multiple 
temperature-induced transitions, also known as cloud point tempera
tures (TCPs). The initial transition temperature (TCP1) corresponds to the 
self-assembly of nanoparticles, which occurs when the thermores
ponsive B blocks (PDFEA) collapse due to an LCST-type phase transition, 
forming hydrophobic core. The hydrophilic PEtOx mid-blocks remain 
solvated, forming a stabilizing corona. The second transition tempera
ture (TCP2) is associated with nanoparticle aggregation and precipita
tion, likely driven by reduced colloidal stability due to partial 
dehydration or collapse of the PEtOx corona at higher temperatures, 
considering its known LCST behavior in the range of ~61–69 ◦C, as 
described in related studies with PEtOx-based triblock copolymers 
[35,45]. Based on these findings, only three samples (P3 to P5) were 
selected for further studies, as they formed stable nanoparticle solutions 
at temperatures relevant to physiological conditions.

The temperature-driven self-assembly of polymers P3–P5 is illus
trated in Figs. 3–5 and Fig. S12. Values of TCP1 (Table 3), at which 
thermo-responsive self-assembly starts, have been determined from the 
points where the size of initially formed nanoparticles starts to increase 
gradually. To further characterize the thermoresponsive behavior above 
TCP1, SLS measurements were performed at 25 ◦C and 37 ◦C. At 25 ◦C, 
the samples P3 and P5 exhibited a shape factor of 1.66 and 1.53, 

respectively (Table 3), indicating the formation of non-spherical nano
particles, whereas sample P4 exhibited a shape factor of 0.7, indicating a 
spherical shape, along with a high core density (0.39 g/cm3), corre
sponding to spherical micelles. At 37 ◦C, a transition in particle type was 
observed. The newly formed particles exhibited properties such as low 
core density, consistent with the presence of previously reported phys
ically crosslinked nanogels [46,47]. Nanogels are nanoscale, three- 
dimensional polymer networks that are physically or chemically cross
linked. In aqueous environments, they absorb and retain large amounts 
of water within their internal network, resulting in a significantly lower 
core density compared to more compact structures such as micelles or 
solid polymer nanoparticles. As previously described [12,46], PDFEA- 
based thermoresponsive systems form self-assembled structures that 
align with the classic definition of nanogels: thermoresponsive polymer 
chains form an internal network, surrounded by swollen hydrophilic 
segments. The hydrophilic domains swell extensively in water, while the 
thermoresponsive blocks form a denser, physically crosslinked core. The 
physical crosslinking is primarily driven by the PDFEA blocks, which 
form strong interchain hydrogen bonding through the –CHF2 groups and 
amide functionalities present in each monomeric unit. This leads to the 
formation of a cohesive and homogeneous polymer network within each 
particle. The resulting nanogels exhibit substantial swelling in aqueous 
environments, which accounts for their low core density in comparison 
to micelles or solid nanoparticles. Additionally, these particles possess a 
hydrated, hydrophilic corona, which affects interparticle interactions 
and can promote aggregation, particularly at elevated temperatures.

A second transition occurs at TCP2, where precipitation, i.e., the 
collapse of overall material, takes place, ascribed to PEtOx (inner block) 
phase separation. As the temperature window between TCP1 and TCP2 
turned out to be highly narrow in the case of sample P5 (32–37 ◦C), SLS 
measurements of this sample were conducted at 35 ◦C to avoid the onset 
of aggregation. While we determined that the thermal stability of P5 
nanogels remained poor for biomedical applications, we investigated 
this system for its thermogelling properties, as will be discussed in 
following sections.

In conclusion, at TCP1, the triblock copolymers appear to form small 
micellar structures, which then gradually reshape into nanogels as the 
temperature increases. These smaller structures are present even at 
temperatures below TCP1, likely due to the amphiphilic nature of the 
copolymer system. Specifically, the presence of aliphatic end-groups 
from the chain transfer agent (CTA) and the highly hydrophobic 
ROSm units in block B contribute to self-assembly below TCP1. The 
formation of such micellar aggregates below the TCP has also been 
observed in other thermo-responsive block copolymer systems [14]. 
Above TCP2, the nanogels tend to aggregate further, leading to a sec
ondary increase in hydrodynamic radius, likely due to the above- 
mentioned temperature-triggered collapse of the PEtOx inner block. 
These morphological changes are further supported by TEM analysis 

Table 3 
Thermo-responsive self-assembly characteristics of P1-P6 solutions (1 mg/mL in PBS) determined via DLS: TCP1, hydrodynamic radii at TCP1 and 37 ◦C, and critical 
temperature after which the particle systems are not stable (TCP2), along with types of particles determined via SLS measurements at 25 ◦C and 37 ◦C (*P5 characterized 
by SLS at 35 ◦C).

Polymer TCP1 

(◦C)a
Rh (nm) 
at TCP1

a
Rh (nm) 
at 37◦Ca

TCP2 

(◦C)a
Shape 
factor at 
25 ◦Cb

Particle density 
(g/cm3) at 25 ◦Cb

Particle type at 
25◦Cb

Particle density (g/cm3) at 
physiological temperatureb

Particle type at 
physiological 
temperatureb*

P1 30 624 ±
114

− 36 − − − − −

P2 20.5 44 ± 14 − 23.8 − − − − −

P3 19.5 100 ±
0.1

150 ± 2 − 1.66 − Rod-like 
nanoparticles

0.07 Spherical nanogels

P4 23 29 ± 3 123 ± 3 43 0.7 0.39 Spherical 
nanoparticles

0.008 Spherical nanogels

P5 32 37 ± 4 ​ 37 1.53 − Rod-like 
nanoparticles

0.01 Spherical nanogels

P6 17 37 ± 5 − 21 − − − − −

aDetermined via DLS; bdetermined via SLS.
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(Fig. 6), which confirms the presence of both small aggregates at lower 
temperatures and larger nanogels at elevated temperatures, as described 
in detail in the next section.

3.3. Nanoparticle characterization via TEM

Polymers P3, P4, and P5 were selected for additional characteriza
tion by TEM, as they exhibited temperature-responsive assembly 
behavior in the physiologically relevant temperature range. To verify 
the key DLS and SLS results, aqueous solutions of these polymers (1 mg/ 
ml in ultrapure water) were prepared below and above their transition 

temperature. The morphology of the samples was fixed at two temper
atures, 5 ◦C and 39 ◦C, using the fast-solvent-removal method, as 
described in the experimental section. The TEM micrographs (Fig. 6) 
confirmed the presence of spherical or worm-like particles at very low 
temperatures, likely below TCP1, and the formation of large nanogels at 
high temperatures, in alignment with the results from DLS and SLS 
measurements.

3.4. ROS-induced disassembly of particles characterized via DLS

As described, the ROSm units incorporated in the thermoresponsive 

Fig. 3. Scattering intensity weighted hydrodynamic size distributions of polymer P3 solution (1 mg/mL in PBS) characterized by DLS, A) as a function of tem
perature, or B) at 37 ◦C.

Fig. 4. Scattering intensity weighted hydrodynamic size distributions of polymer P4 solution (1 mg/mL in PBS) characterized by DLS, A) as a function of tem
perature, or B) at 37 ◦C.

Fig. 5. Scattering intensity weighted hydrodynamic size distributions of polymer P5 solution (1 mg/mL in PBS) characterized by DLS, A) as a function of tem
perature, B) at 35 ◦C, or C) at 37 ◦C.

F.N. Cetin et al.                                                                                                                                                                                                                                 European Polymer Journal 238 (2025) 114211 

8 



block are designed to decompose in oxidative physiological environ
ments. To assess the sensitivity of the nanoparticles to oxidative stress 
within a physiologically relevant range—such as those found in 
cancerous tissues, sites of inflammation, or chronic wounds—the poly
mer solutions in PBS were titrated with incremental additions of H2O2. 
The scattering intensity-based hydrodynamic size distributions were 
analyzed as the H2O2 concentration in the samples was incrementally 
increased from 0 to approximately 4 mM considering the oxidative stress 
in tissues start at around 0.5 mM and reaches up to 1 mM [48] 
(Figs. S13–S15). We determined the threshold concentration of H2O2 
that triggers the decomposition of ROSm and the corresponding change 
in particle self-association. The determined H2O2 concentrations at 
which the ROS-induced transitions occurred are summarized in Table 4. 
Additionally, the hydrodynamic radius (RH) was measured after the 
transition. The results showed that polymers P3 and P5 were able to 
form small micelles when the H2O2 level reached 0.64 and 0.4 mM, 
respectively, whereas particle system P4 disassembled around 2 mM 
H2O2. ROS-responsivity of all systems are situated within the patho
physiologically relevant ROS window (≈0.5–1 mM).

Additionally, we evaluated the effect of ROS exposure on the dis
tribution of hydrodynamic sizes in a time-dependent DLS experiment. 
Polymers P3, P4, and P5 (1 mg/mL solutions) were exposed overnight to 
0.1  mM and 10  mM hydrogen peroxide (H2O2) solutions in PBS. This 
range was selected to reflect both low and excessive levels of reactive 

oxygen species. Lower concentrations of H2O2, particularly in the 
nanomolar range, were deliberately avoided, as these levels are often 
involved in physiological signaling processes rather than indicating 
oxidative stress [48]. Therefore, testing within this range provides a 
more accurate assessment of the nanoparticle response to oxidative 
environments relevant for therapeutic applications. Fig. 7 shows the 
case of P3 as an example and reveals that the ROS-responsivity of the 
particles is more pronounced and immediate under stronger oxidative 
conditions. All particle systems displayed immediate disassembly upon 

Fig. 6. TEM micrographs of A) P3 (1 mg/mL in ddH2O) characterized at 5 ◦C, and B & C) 39 ◦C; D) P4 (1 mg/mL in ddH2O) at 5 ◦C, and E & F) 39 ◦C; G) P5 (1 mg/mL 
in ddH2O) characterized at 5 ◦C, and H & I) 39 ◦C.

Table 4 
Threshold concentrations of H2O2 that triggers the change in particle self- 
association upon decomposition of ROSm at 37 ◦C characterized by a DLS in
strument equipped with an automatic titrator.

Sample Nanogels 
Initial Rh 

(nm)

H2O2 

concentration 
(mM) at transition 
point

Transition 
Type

Rh (nm) of new 
population at 
transition point

P3 162 0.64 Micelle 
formation

37.9

P4 186 2.21 Disassembly n/a
P5 759 0.4 Micelle 

formation
22
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exposure to 10 mM H2O2 as the hydrodynamic diameter (DH) of the 
main particle populations decreased substantially within 1 h in the case 
of P3 (Fig. 7) and P5, and after 5 h for P4 (Fig. S16). Following this, 
populations around DH ≈ 10 nm corresponding to free polymer chains 
appeared. The P3 particle system exhibited a noticeable change in DH 
even at 0.1 mM H2O2 concentration after 10 h, indicating high sensi
tivity to ROS. In contrast, polymers P4 and P5 did not exhibit significant 
changes in particle populations upon exposure to low ROS levels, sug
gesting their responsiveness is more pronounced under higher oxidative 
conditions.

3.5. LCST determination via turbidimetry and physical crosslinking at 
high polymer concentrations

The LCST of the developed copolymers was evaluated via turbi
dimetry. Cloud point temperatures (TCPs) were assessed across a range of 
polymer concentrations, as summarized in Fig. 8 (detailed data in 
Table S2; full turbidimetry measurements are shown in Figs. S17-S22). 
At higher polymer concentrations (typically above 50  mg/mL), the 
particles started forming hydrogel networks at the bottom of the vial 
(Fig. S23), as previously described [14]. This gelation can disrupt stir
ring and cause local depletion of polymer concentration in the upper 
part of the solution. Since the turbidimetry laser measures turbidity at 

the midpoint of the vial, it primarily detects the supernatant above the 
gel, which no longer reflects the original polymer concentration. For this 
reason, the cloud point temperature (i.e., temperature at which the 
transmittance drops to 50 %) at higher concentrations can only be 
reliably evaluated from the first heating cycle. All subsequent cycles 
show thermal hysteresis, but the data are less reproducible due to the 
altered sample state. For samples without hydrogel formation, the cloud 
point temperatures were determined from all heating cycles and re
ported as the mean ± standard deviation, as shown in Table S2.

As mentioned earlier, polymers described here are capable of phys
ical crosslinking into hydrogels through a process, where the hydro
philic A blocks are short relative to the thermoresponsive/hydrophobic 
B block, and hydrophobic interactions can drive ’channeling’ between 
neighboring micellar core [42,43]. These channels act as interparticle 
bridges, resulting in macroscopic gelation. The effect of polymer con
centration on this gelation mechanism can be qualitatively observed 
from images of turbidimetry vials taken at the end of the experiment, as 
shown in Fig. S23. Samples P1, P2, P3, and P4 formed hydrogels at the 
bottom of the vial starting from 25 mg/mL. However, at concentrations 
below 25 mg/mL, hydrogel formation was not observed. Hydrogels 
formed by these polymers were not able to swell in aqueous phase, 
therefore, the hydrogel appears only at the top of the inverted vial, 
holding the mechanical stirring bar within its structure, while the 

Fig. 7. Scattering intensity based hydrodynamic size distributions of P3 solution (1 mg/mL) in A) PBS, B) 0.1 mM H2O2, and C) 10 mM H2O2, displaying time- 
dependent ROS responsivity.

Fig. 8. The plot on the left shows TCP of P1-P6 polymer solutions in PBS at varying polymer concentrations, evaluated from turbidimetry cycles (six heating and 
cooling cycles between 10–80 ◦C). The images on the right show hydrogels prepared from 40 wt% polymer solutions (P3, P4, and P5) in PBS at 4 ◦C (left), after 
incubation at 37 ◦C overnight (center), and after exposure to 4 ◦C overnight (right).
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excluded aqueous phase collects at the bottom. On the other hand, P5 
formed hydrogels that could swell at 100 and 50 mg/mL concentrations, 
therefore, no excluded aqueous phase was observed in these cases. As 
the polymer concentration decreased, hydrogels still formed at con
centrations as low as 2.5 mg/mL, but an excluded aqueous phase became 
visible. This difference may arise from the size of the nanogels. As DLS 
experiments revealed, P5 creates nanogels with RH ≈ 760 nm at 37 ◦C, 
while P3 and P4 create nanogels with RH ≈ 162 and RH ≈ 186 nm, 
respectively.

Accordingly, the relevant polymers P3-P5 were tested at high con
centrations (40 wt%), at which homogeneously physically crosslinked 
hydrogels formed successfully. Gel formation was evident even at low 
temperatures, immediately following overnight dissolution in aqueous 
media in the refrigerator (Fig. 8). Upon heating, these transparent gels 
turned opaque. The only exception was P5, which disassembled upon 
heating, as the polymer precipitated out of solution and was unable to 
form crosslinks. On the other hand, the formation of these hydrogels 
proved to be reversible when the vials were again equilibrated at 5 ◦C 
(Fig. 8).

This observation contrasts with previous studies on 
PDFEA–PEG–PDFEA polymers, where physical hydrogel formation 
occurred only above the TCP at the corresponding polymer concentration 
[14,35]. Notably, the ability of these polymers to form hydrogels 
immediately upon dissolution at low temperatures may offer practical 
advantages in biomedical applications, such as extrusion-based 3D 
printing combined with cell encapsulation. This process is commonly 
performed using biopolymers like gelatin or alginate–Ca2+ systems. 
However, unlike gelatin, which liquefies at physiological temperatures 
due to its UCST behavior, or alginate–Ca2+, which can be destabilized in 
the presence of monovalent ions like Na+, the current system offers 
improved thermal and ionic stability for such processing [49].

3.6. 19F relaxation properties, MRS, and MRI

The suitability of the developed polymers P3–P6 for 19F-MRI was 
evaluated based on their fluorine content and MR relaxation properties. 
An effective 19F-MRI tracer should contain a high density of magneti
cally equivalent fluorine atoms that are readily detectable in aqueous 
environments. In addition to fluorine content, relaxation proper
ties—namely T1 (spin–lattice relaxation time) and T2 (spin–spin relax
ation time)—play a crucial role in tracer performance. Ideally, T1 should 
be as short as possible to reduce the repetition time between scans and 
shorten the overall imaging duration. However, for macromolecular 
systems, T1 values tend to increase with viscosity and can reach the 
range of seconds, which may hinder efficient imaging. Conversely, T2 is 
often very short in polymeric systems, especially in those containing 
trifluoromethyl groups, leading to a rapid signal decay and reduced 
detectability [50].

We assessed the relaxation properties of the polymers under different 
conditions—at 25 ◦C, 37 ◦C, and after addition of 10 mM H2O2 (Table 5) 

[44].
The T1 of all samples at 25 ◦C was similar, around 395 ± 40 ms. Upon 

heating, their T1 increased by 61 ± 31 ms (p = 0.056, marginal signif
icance). Moreover, the oxidation of samples decreased their relaxation 
time by 93 ± 32 ms (p = 0.004). These results are well in line with our 
previous reports on PDFEA copolymers, where increasing temperature 
increased their T1 [46]. Regardless, all these relaxation times are 
properly suited for 19F-MRI applications.

As for T2 – here we observed two nearly equal populations of 19F 
relaxations – fast and slow, which is again in line with our previous 
reports on PDFEA copolymers [14]. The fast-relaxing population has a 
relaxation time around 25 ms, which is too short for practical 19F MRI 
tracers and so this population was investigated only to a minor extent. In 
turn, the slow-relaxing population was characterized by a relaxation of 
around 100 to 140 ms, in line with our previous reports on PDFEA co
polymers. The increasing temperature significantly prolonged its T2 
relaxation by 115 ± 21 ms (p = 1.4⋅10-7). This could be due to the 
transformation of particles from spherical/cylindrical micelles into 
nanogels which reveals the advantage of nanogels for 19F MRI applica
tions. Additionally, sample oxidation had no significant effect on the 
samples’ relaxation times (p = 0.93). Such long T2 relaxation states 
(especially when heated to body temperature) are advantageous for 19F- 
MRI, as the polymers provide copious MR signal for detection in vivo.

These results show that boronate comonomers can endow the poly
mers with ROS-responsiveness, without compromising their T2 MR 
properties. In contrast, our previously described ferrocene-containing 
fluorinated polymers, whose T2 relaxations were very short in both 
their oxidized and reduced states (usually within the range of 5 to 30 ms) 
[51,52]. Thus, boronate-based thermo- and ROS-responsive systems are 
particularly suitable as 19F-MRI tracers.

Timing of the turbo spin echo sequence used for MR imaging was 
optimized with respect to relaxation times of 19F. The total length of the 
sequence (given by repetition time and number of acquisitions) was set 
to fit to approximately 15 min, which is a reasonable time for future in 
vivo applications. 19F-MR image colocalized with 1H-MR image of three 
polymers (P3, P4, P5) at different concentrations is shown in Fig. 9. 
Signal to noise ratios (SNR) are listed in Table 6.

The acquired 19F-MR images (shown in red) in Fig. 9, merged with 
1H-MR images (shown in grayscale), from aqueous solutions of P3-P5 
polymers demonstrate that all our polymers could be visualized at 
concentrations as low as 1 wt%, confirming their suitability to serve as 
19F-MRI tracers.

3.7. In vitro cytocompatibility

Finally, the cytocompatibility of the selected polymers P3-P5 has 
been evaluated through in vitro cytotoxicity assays. Live/dead assays 
using Ca-AM/PI were preformed to quantify living and dead cells upon 
exposure to polymer solutions at varying polymer concentrations (0.25, 
0.5, and 1 mg/mL) over different time points (days 1, 3 and 7). Non- 
fluorescent Ca-AM converts into fluorescent calcein dye by intracel
lular esterase activity in living cells, which exhibits a bright green color 
upon binding to intracellular Ca2+ ions. While this conversion allows the 
dye to be retained within the cytoplasm of living cells, dead cells with 
compromised membranes do not retain calcein. In contrast, PI is cell- 
membrane impermeant and cannot enter living cells with intact mem
branes. It is a nucleic acid intercalating dye that binds to DNA of dead 
cells and manifests a bright red color. Fig. S24 displays the living and 
dead cells together for P3-P5 with respect to the control group. Using 
ImageJ software, these images were separated into red and green 
channels to count the living and dead cells. Cell viabilities were calcu
lated as the ratio between the number of living cells and the total 
number of cells (Fig. S25). An initial decrease in cell viability observed 
on day 1 (Fig. S21) can likely be attributed to mild autofluorescence of 
the polymers overlapping with PI, temporarily affecting the live/dead 
readouts until protocol adjustments were implemented at later time 

Table 5 
19F relaxation times of P3-P5 in a 9.4 T Magnetic Field at 25 and 37 ◦C.

Sample Temperature 
(◦C)

Oxidation state T1 (ms) 
(mean ± SD)

T2 (ms) 
(mean ± SD)

P3 25 Reduced 395 ± 40 106 ± 16
P3 37 Reduced 456 ± 41 221 ± 23
P4 25 Reduced 378 ± 34 129 ± 18
P4 37 Reduced 439 ± 35 244 ± 24
P5 25 Reduced 400 ± 38 155 ± 21
P5 37 Reduced 461 ± 39 270 ± 26
P3 25 Oxidized 301 ± 37 108 ± 16
P3 37 Oxidized 362 ± 39 223 ± 23
P4 25 Oxidized 284 ± 30 130 ± 18
P4 37 Oxidized 345 ± 32 245 ± 24
P5 25 Oxidized 306 ± 35 157 ± 21
P5 37 Oxidized 367 ± 37 272 ± 26
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points. At the end, we can show that all polymers at all concentrations 
displayed high cell viabilities after 3 days (cell viability > 89 %) and 7 
days (cell viability > 84 %) without showing cytotoxicity, highlighting 
their potential for biomedical applications.

4. Conclusions

In this study, we designed and synthesized a range of BAB triblock 
copolymers where the B block is a statistical ROS- and thermoresponsive 
copolymer of DFEA and ROSm, and the A block is a hydrophilic PEtOx 
block. These copolymers self-assemble into nanoparticles upon disso
lution in aqueous media and can physically crosslink into hydrogels at 
higher polymer concentrations. While the DFEA blocks enables detect
ability through 19F-MRI for diagnostic purposes, ROSm units facilitate 
ROS-responsive particle disassembly, enabling controlled release at 
tumor sites. We prepared six triblock copolymers targeting two different 
hydrophilic-to-hydrophobic block ratios (1:2 and 1:4), since a low A/B 
ratio promotes physically crosslinked hydrogel formation from ther
moresponsive triblock copolymers.

We studied the temperature-responsive self-assembly behavior of all 
particle systems and determined TCP1 and TCP2, which describe the 
transformation temperature leading to nanoparticle formation and the 
critical temperature leading to aggregation, respectively. Based on this 
analysis, we excluded three polymers that exhibited TCP2 below 37 ◦C, as 
they would be unfit to serve biomedical applications, and further 
characterized the nanoparticle systems exploiting polymers P3, P4 and 
P5 (1 mg/mL in PBS) at body temperature. Even though P5 also 
exhibited particle instability starting at 37 ◦C, we investigated this 
nanoparticle system further based on the turbidimetry analysis. Nano
gels formed by P5 led to physically crosslinked hydrogels at higher 
polymer concentrations, which can be of importance for several 
biomedical applications. DLS and SLS studies revealed that P3, P4, and 
P5 undergo particle type transformation from spherical/cylindrical 

nanostructures into nanogels with increasing temperature. When these 
systems were evaluated via 19F-NMR, we showed that this trans
formation prolongs the T2 relaxation times, improving the suitability for 
19F-MRI. Besides their potential as nanoparticle systems, we have shown 
that P3 and P4 formed physically-crosslinked hydrogels at high polymer 
concentration (40 wt%) even below and above their TCP1, a property 
that can offer advantages for cell encapsulation.

When the ROS-responsive behavior of nanogels from P3, P4 and P5 
was studied with DLS, it was shown that all systems displayed respon
sivity to H2O2 concentrations ranging between 0.4–2 mM, which coin
cide with levels of oxidative stress observed in tumors or in their 
vicinity. Furthermore, 19F-NMR studies showed that the oxidation does 
not affect the relaxation times, which in turn does not impair the 
detectability of these particle systems for 19F-MRI. The novelty of this 
system lies in the use of PDFEA, a 19F-active thermoresponsive mono
mer, in combination with the boronate-based ROS responsive monomer, 
leading to a significant improvement of 19F MRI properties compared to 
our previous study involving ferrocene as the ROS-sensitive switch [52]. 
Finally, cytocompatibility of nanogels of P3, P4, and P5 was confirmed 
via live/dead assays.
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Table 6 
SNR of the 19F signal of P3, P4, and P5 polymers at different polymer concen
trations in PBS. Only SNR values above 2 are listed.

Cpol (wt%) P3 P4 P5

4.7 4.2 13.9 6.5
2.4 3.6 10.1 6.4
1.1 2.1 5.9 3.5
0.6 <2 2,1 <2
0.3 <2 <2 <2
0.1 <2 <2 <2
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J. Pankrac, P. Paral, T. Heizer, O. Janouskova, R. Konefał, E. Pavlova, O. Sedlacek, 
F.C. Giacomelli, P. Pouckova, L. Sefc, P. Stepanek, M. Hruby, Reactive oxygen 
species (ROS)-responsive polymersomes with site-specific chemotherapeutic 
delivery into tumors via spacer design chemistry, Biomacromolecules 21 (4) (2020) 
1437–1449, https://doi.org/10.1021/acs.biomac.9b01748.
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