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ABSTRACT: 19F magnetic resonance imaging (19F MRI), with zero background, high
tissue penetration depth, excellent spatial resolution, and nonradioactive features, has
attracted considerable attention but faces tough challenges due to the shortage of sensitive
and selective targetable probes. Herein, we report a biocompatible and highly sensitive 19F
MRI probe with an adaptable tumor-targeting ability. The fluorine-grafted polymer
(PIBMA-FSON) probes were rich with sulfoxide and carboxy groups, containing a high
fluorine content (∼17 wt %). The probes exhibit superhydrophilicity, strong 19F MRI
signals (enhancement of ∼95-fold), long transverse relaxation time (T2, 422 ms), and
excellent 19F MRI capability. Conjugation using a targeting peptide (Arg-Gly-Asp, RGD)
afforded ultrasmall soft polymer probes (PIBMA-FSON-RGD) with superhydrophilicity and
tumor-targeting ability suitable for the 19F MRI of orthotopic bladder cancer. Amidification
of 5% of the carboxylate units with oleylamine resulted in PIBMAOAm-FSON nanoprobes
(NPs) via self-assembly, displaying different targeting toward subcutaneous tumors.
Further grafting with near-infrared (NIR) dyes renders the probe suitable for NIR-fluorescence and 19F MRI dual-modality imaging.
This study provides a suitable approach for designing highly sensitive and zero-background 19F MRI probes with a tunable tumor-
targeting ability.
KEYWORDS: 19F magnetic resonance imaging, nanoprobes, superhydrophilic polymer, fluorinated polymer, tumor targeting

■ INTRODUCTION
Novel probes for the sensitive and selective imaging of tissues
of interest with high penetration depth and low background are
highly desirable in biomedical fields, yet many challenges
remain, despite significant progress having been made in the
probe fabrication for imaging including near-infrared (NIR)
luminescence imaging, photoacoustic imaging, positron
emission tomography (PET), computed tomography (CT),
and magnetic resonance imaging (MRI).1−4 1H MRI, as one of
the most promising noninvasive imaging techniques, is widely
used for clinical diagnosis owing to its excellent spatial
resolution, unlimited tissue penetration depth, and non-
radioactive nature.5−8 19F MRI retains the advantages of 1H
MRI, while exhibiting almost zero background, resulting in
quantitative analysis and providing a “hot spot” for areas of
interest.9−17

Unlike 1H MRI which uses relaxation time-weighted
imaging, 19F MRI is a spin density-weighted imaging
technique, where the signal is proportional to the content of
fluorine atoms possessing the same magnetic equivalence. In
order to obtain highly sensitive 19F MRI, it is important to
increase the number of fluorine atoms in the MRI probes.
However, increasing the number of fluorine atoms can result in
a higher restriction of molecular mobility, which, in turn,
causes the shortening of transverse relaxation time (T2) and

thus attenuation of the 19F MRI signal.18 Inorganic nanoma-
terials such as CaF2 nanocrystals exhibit significant potential
for in vivo 19F MRI,19,20 where a specific ultrashort echo time
(UTE) sequence could be used to overcome the ultrashort T2
value. Alternatively, perfluorocarbon (PFC) nanoemulsion
consisting of a PFC core coated by a lipid shell is one of the
most studied 19F MRI nanoprobes (NPs) for preclinical
studies.21−23 However, the poor stability and health concerns
associated with long retention times in the circulating blood
have encouraged researchers to explore other sensitive and
biocompatible 19F MRI probes.

Polymeric 19F MRI probes exhibit superior performance in
terms of stability, biocompatibility, and structural versatil-
ity.24−28 Nevertheless, due to the hydrophobic properties of
C−F bonds, an increase in fluorine atom content is often
compromised by hydrophobic aggregation-induced signal
attenuation.29 As such, a key challenge lies in how to increase
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the fluorine content and still maintain a suitable relaxation time
(long T2). Over the past decade, significant research has been
devoted to the structure design of polymers capable of
improving 19F NMR properties. Thurecht et al.30 designed a
hyperbranched polymer, which utilized a branched polymeric
structure coupled with random incorporation of trifluoroethyl
groups within a hydrophilic PEG-based macrostructure to
maintain sufficient segmental mobility. Nevertheless, these
polymers have a 19F content of <5 wt %. Moonshi et al.31

increased the fluorine content (∼10 wt %) using a
perfluoropolyether (PFCE) based hyperbranched polymer,
where PFCE provides a strong 19F MRI signal and hydrophilic
oligo (ethylene glycol) methyl ether acrylate enhances the
aqueous solubility. In addition, recent studies have focused on
the fabrication of hydrophilic fluorinated monomers to
improve the relaxation time of fluorinated probes,32,33 which
indicated that the local environment of the fluorine atoms
played a vital role in the performance of 19F MRI probes.

Besides the strong 19F MRI signal, with respect to in vivo
imaging of the tumor, the imaging quality is also closely related
to the specific targeting ability of the probes. As such,
appropriate targeting moieties such as peptides, aptamers, and
sugar residues have been used to increase the targeting
efficiency.34 Apart from active targeting, the sizes of the probes
endow additional targeting ability via the enhanced perme-
ability and retention effect (passive targeting). However, 19F
NMR is sensitive to changes of the surrounding environment
and the assembly of probes can induce variation in relaxation
time in addition to enhancing the targeting ability. Therefore,
it becomes challenging to use passive targeting and still
maintain the 19F MRI performance of the probes.

Herein, we designed a highly sensitive 19F MRI probe based
on a superhydrophilic fluorine-grafted polymer enriched with
sulfoxide and carboxy groups (Scheme 1), which exhibited

different targeting specificities based on regulation of the
assembly behavior. Specifically, poly(isobutylene-maleic anhy-
dride) (PIBMA) was modified with 2-(trifluoroethyl) thio-
ethylamine (FSN) to obtain PIBMA-FSN using a ring-opening
reaction (Figures S1−S7). The sulfur ether group in PIBMA-
FSN was further oxidized to the sulfoxide group, affording a
superhydrophilic fluorinated polymer (PIBMA-FSON). The

PIBMA-FSON polymer exhibited high fluorine content (∼17
wt %) and long T2 value (422 ms) and as such is a promising
candidate as a 19F MRI probe. Significantly, the free carboxy
group on the polymer could be readily conjugated using a
targeting peptide (Arg-Gly-Asp, RGD) and a near-infrared
(NIR) fluorescent dye (heptamethine cyanine dye derivatives,
Cy7-amine) for targeted dual-modality bladder cancer imaging
via intravenous injection of these ultrasmall soft polymer
probes. Moreover, when 5% of the carboxylate units were
amidated by oleylamine, self-assembled PIBMAOAm-FSON-
IR780 nanoprobes (NPs) with a long T2 value (437 ms),
which could simultaneously encapsulate the NIR dye (IR780),
were obtained. The nearly unchanged T2 value implies that the
self-assembly of the polymer hardly influenced the relaxation of
the 19F nuclei and thus the 19F MRI properties. In addition,
PIBMAOAm-FSON-IR780 NPs exhibited selective targeting
capability toward subcutaneous tumors, and vastly different
biodistribution when compared to the PIBMA-FSON polymer.
This study provides a facile method for developing highly
sensitive superhydrophilic 19F MRI probes with controllable
targeting behavior and provides a novel approach for preparing
a multifunctional imaging platform.

■ RESULTS AND DISCUSSION
Synthesis of the PIBMA-FSON. As shown in Figure 1a, the

19F NMR spectrum of PIBMA-FSN exhibited a single peak at
−67.55 ppm with a broad half peak width (peak width) of
∼2467.60 Hz. By adjustment of the pH to slightly alkaline
conditions, nanometer-sized particles (PIBMA-F1) were
obtained (Figure 1b). The transmission electron microscopy
(TEM) images (Figure S8) and dynamic light scattering

Scheme 1. Schematic Illustration of Fabrication of
Superhydrophilic Fluorinated Polymer Probes for Selective
Tumor Targeting and Imaging

Figure 1. Chemical structure and 19F NMR spectrum of (a) PIBMA-
FSN, (b) PIBMA-F1, (c) PIBMA-FSON, and (d) PIBMA-F2 in water
(20 mg/mL).
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(DLS) analysis (Figure S9) indicate that PIBMA-F1 was a
nanosphere with an average diameter of 80 ± 22 nm. The
chemical shift exhibited a slight downfield movement to
−66.20 ppm (Figure 1b), and the 19F NMR signal-to-noise
ratio (SNR) increased ∼15-fold, but was still insufficient for
19F MRI applications. Such results indicated that the
aggregation of fluorine-containing moieties due to the
hydrophobic interaction severely impaired the 19F NMR
intensities. Finally, hydrogen peroxide (H2O2) was used to
oxidize the hydrophobic thioether group to the hydrophilic
sulfoxide group to improve the hydrophilicity of the polymer.
The conversion of PIBMA-FSN into PIBMA-FSON was
completed in 60 h (Figure S10). The successful transformation
of thioether groups into sulfoxide groups was verified using 1H
NMR (Figure S11) and Fourier transform infrared (FTIR)
spectroscopy (Figure S12), where the sulfoxide S�O
stretching vibration at 1026 cm−1 was observed for the
resulting PIBMA-FSON.35 As shown in Figure 1c, the 19F NMR
spectrum of PIBMA-FSON exhibited a single peak at −60.77
ppm with a Peakw of ∼75.29 Hz, which was narrow enough for
19F MRIs. Due to the superhydrophilicity of the sulfoxide and
carboxylate groups, the PIBMA-FSON polymer can be directly
dissolved in aqueous solution (Figures S13 and S14), achieving
a total 19F NMR SNR enhancement of ∼95-fold. However,
through only the oxidation of PIBMA-FSN (PIBMA-F2), it was
difficult to obtain a good 19F NMR SNR. As shown in Figure
1d, the 19F NMR SNR of PIBMA-F2 increased ∼9-fold.
Therefore, both the sulfoxide and anionic carboxylate groups
are required for satisfactory 19F NMR signal enhancement, and
therefore PIBMA-FSON was used in all subsequent evaluations.
Characterization of the PIBMA-FSON. PIBMA-FSON

exhibited excellent relaxation performance, as evidenced by
the longitudinal relaxation time (T1) and transverse relaxation
time (T2) values shown in Figure 2a,b. In addition, it was
found that no significant variations of T1 and T2 were observed
over a concentration range from 40 to 175 mg/mL, implying
that fluorine atoms on the polymer retain excellent relaxation
properties. Also, the 19F NMR performance was maintained at
pH 7.4 and 6.5 (Figure 2c) since the carboxylate group exists
mainly in its anionic form under such pH conditions (Figure
S15). In addition, the probes exhibited excellent stability over
28 days (Figure 2d) without observable precipitation (Figure
S16). PIBMA-FSON has a fluorine content of ∼17 wt % (Figure
S17), suggestive of the excellent 19F MRI potential. As
suggested in Figure 2e, a series of PIBMA-FSON solutions
with various concentrations were used for 19F MRI, which
indicated that the 19F MRI SNR increased in proportion to the
concentration of PIBMA-FSON (Figure 2f). This linear
relationship indicates no aggregation of fluorine atoms and
attenuation of the 19F MRI over high concentrations of up to
150 mg/mL. Furthermore, over 80% cell viability was observed
(Figure S18) for PIBMA-FSON with concentrations up to 2
mg/mL after incubation with MB49 cells (bladder cancer cell)
and MREpiC cells (normal cell) for 48 h, respectively. The
excellent biocompatibility was also confirmed using the degree
of erythrocyte hemolysis, where no apparent hemolysis was
observed even at high concentrations (75 mg/mL) of PIBMA-
FSON (Figure S19a) with good maintenance of red blood cell
numbers (Figure S19b).

19F MRI of the PIBMA-FSON In Vivo. Encouraged by the
excellent biocompatibility, stability, and satisfactory 19F MRI
properties, we carried out the in vivo 19F MRI for orthotopic
bladder tumors. Bladder cancer, as one of the most common

malignancies of the urinary system, usually originates from the
epithelial lining of a urinary bladder.36−38 Critical issues in
bladder cancer management are the local recurrence of disease
and accurate delineation of tumor margins intraoperatively.
Currently, cystoscopy is still the standard method for patients
with urinary symptoms,39 which often results in discomfort for
patients due to the invasive nature of cystoscopy. Therefore, it
is important to develop effective noninvasive imaging
technology. Therefore, these PIBMA-FSON polymers were
explored for in vivo imaging of a mouse bearing orthotopic
bladder cancer via intravenous injection. As can be seen from
Figure 3a, for the healthy mouse, PIBMA-FSON was
metabolized rapidly within about 4 h. As a comparison,
PIBMA-FSON-RGD, which was prepared by conjugating
PIBMA-FSON with a short targeting peptide, displayed
significant 19F MRI signal enhancement as well as long
retention at tumor sites (Figure 3b). The probe remained
attached to the tumor site even after the urine was voided. The
specificity of PIBMA-FSON-RGD toward tumor sites was
further verified at a cellular level. Both PIBMA-FSON-RGD
and PIBMA-FSON were labeled with 5-aminofluorescein for
fluorescence imaging. As shown in Figure S20 (Supporting
Information), the group with PIBMA-FSON-RGD displayed
more intense fluorescence than that of the PIBMA-FSON group
after incubation for 2 h, implying the specific labeling of MB49
cells with PIBMA-FSON-RGD.

Taking advantage of the large number of carboxylate groups
on PIBMA-FSON, Cy7-amine dye could be covalently attached

Figure 2. (a) T1 and (b) T2 values of PIBMA-FSON with different
concentrations. (c) Comparison of T1 and T2 of PIBMA-FSON at
different pH conditions. (d) Evolution of the 19F NMR SNR of
PIBMA-FSON along with time. S and S0 refer to the 19F SNR of the
probe (PBS buffer) at the day of the test and the initial state,
respectively. (e) 19F (top) and 1H (bottom) MR images of PIBMA-
FSON with various concentrations. (f) Linear plot of 19F MRI SNR
versus PIBMA-FSON concentration.
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to the polymer to form PIBMA-FSON-Cy7 and PIBMA-FSON-
Cy7-RGD, which displayed intense emission with NIR-
fluorescence imaging capability (Figure S21). As can be seen
from Figure S22, the mice bearing bladder cancer tumors
displayed a much brighter NIR fluorescence image after being
treated with PIBMA-FSON-Cy7-RGD via tail vein injection.
However, for the control group without RGD, the fluorescence
of the tumor site was much weaker, which was consistent with
the observations using 19F MRI. In addition, blood samples
and major organs of the mice were harvested for serological
(Figure S23) and histological analysis (Figure S24), 7 days
post intravenous injection of PIBMA-FSON. The major organs
(heart, liver, spleen, lung, kidney, and bladder) of tumor-
bearing mice injected with PIBMA-FSON and PIBMA-FSON-
RGD exhibited no noticeable histological changes compared
with those of healthy mice, suggesting the excellent
biocompatibility and facile clearance of these polymer probes.
Synthesis and Characterization of the PIBMAOAm-

FSON. When 5% of the carboxylate units of the polymer were
amidated using oleylamine, amphiphilic PIBMAOAm-FSON
(Figure 4a) was obtained and characterized by 1H NMR and
FTIR (Figures S25 and S26). On the basis of the hydrophobic
interaction between long alkyl chains, amphiphilic PIBMAOAm-
FSON enables self-assembly into spherical nanostructures. In
addition, IR780 (hydrophobic NIR dye) could be encapsulated
in the hydrophobic core of PIBMAOAm-FSON during the
fabrication process, to generate functional PIBMAOAm-FSON-
IR780 NPs (Figure 4b) with a DLS size of 67 ± 25 nm (Figure
S27) under optimized conditions (Figures S28−S30).
PIBMAOAm-FSON-IR780 NPs exhibited intense emission with
an NIR-fluorescence imaging capability (Figure S31). Despite
self-assembly, PIBMAOAm-FSON-IR780 NPs exhibited a sharp
19F NMR peak at around −60.85 ppm with a Peakw of ∼22.07
Hz (Figure 4c), suggesting that the fluorinated group on the
PIBMAOAm-FSON-IR780 NPs displayed favorable mobility,
which could be attributed to the hydrophilic sulfoxide nearby.
Similarly, the 19F NMR signal intensity displayed typical
concentration-dependent features (Figure S32) with stable T1
and T2 values at both pH 7.4 and 6.5 (Figure 4d). Of particular
note is the long T2 (437 ms). Such a long T2 is not typically
observed for fluorinated polymeric nanoparticles due to

aggregation of the fluorinated groups in polymers with high
fluorine content. These results indicated that the fluorine
atoms on the polymeric nanoparticles maintain excellent
relaxation properties.

Moreover, PIBMAOAm-FSON-IR780 NPs, with a zeta
potential of −36.3 mV (Figure S33), were stable in an
aqueous solution for a period of over 6 weeks, and neither
aggregation nor 19F NMR signal loss was observed (Figures 4e
and S34). Lyophilization to generate a powder and
redissolution does not affect the morphology and 19F NMR
signals of PIBMAOAm-FSON-IR780 NPs (Figures S35 and S36),
confirming the great potential for practical applications.

19F MRI of the PIBMAOAm-FSON In Vitro and In Vivo. As
expected, PIBMAOAm-FSON-IR780 NPs displayed satisfactory
19F MRI performance (Figures 5a and S37). After oleylamine
was introduced, PIBMAOAm-FSON-IR780 NPs maintained good
biocompatibility with 4T1 and MRE piC cell lines (Figure
S38). Interestingly, it was found that the PIBMA-FSON polymer
and self-assembled PIBMAOAm-FSON-IR780 NPs exhibited

Figure 3. In vivo 1H (black-and-white) and 19F (colorful) MRI overlaid images of (a) healthy mouse and (b) orthotopic bladder cancer model in
the C57BL/6 mouse post intravenous injection (i.v.) with PIBMA-FSON and PIBMA-FSON-RGD at different time intervals.

Figure 4. (a) Chemical structures of PIBMAOAm-FSON. TEM image
(b) and 19F NMR spectrum (c) of PIBMAOAm-FSON-IR780 NPs. (d)
Comparison of T1 and T2 of PIBMAOAm-FSON-IR780 NPs at different
pH values. (e) Evolution of particle size along with incubation time.
Inset photographs were PIBMAOAm-FSON-IR780 NPs powder and
PIBMAOAm-FSON-IR780 NPs redispersed in PBS.
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different distribution behaviors after administration when using
a subcutaneous tumor model. In vivo 1H and 19F MRI images
of tumor-bearing mice revealed that PIBMAOAm-FSON-IR780
NPs were able to accumulate at tumor sites, whereas 19F MRI
signals could not be substantially acquired for groups treated
with PIBMA-FSON-Cy7 polymer (Figure 5b). However, it is
important to note that the 19F MRI at the tumor site was still
weak, which was ascribed to the poor penetration of solid
tumor tissue and also because the tomoscan of MRI merely

collected signals at a given layer, providing a trade-off between
spatial resolution and signal intensity.
Optical imaging of the PIBMAOAm-FSON In Vitro and In

Vivo. The dynamic distributions of the probes were also
monitored by using optical imaging. In line with the
observation from the 19F MRI, NIR-fluorescence imaging
clearly visualized the tumor sites of mice treated with
PIBMAOAm-FSON-IR780 NPs at prolonged times (Figure 6a),
while for the PIBMA-FSON-Cy7 group, an increased accumu-
lation at the kidney was observed at 0.5 h which then
decreased gradually, suggesting that the PIBMA-FSON-Cy7
probe was metabolized quickly through renal clearance owing
to the good aqueous solubility and the small hydrodynamic
size (less than the glomerular filtration cutoff). The dynamic
flow of probes into the liver, kidney, and bladder organs was
supported by in vivo NIR-fluorescence imaging of the mice in
the supine position (Figure S39). The quantitative comparison
of fluorescence intensities at tumor sites clearly suggested the
significant accumulation of PIBMAOAm-FSON-IR780 NPs
(Figure 6b), which may be ascribed to the enhanced
permeation retention effect (EPR) of nanosized structures
with a suitable size distribution. Such enrichment was further
verified by the fluorescence signals of different organs and
tumor tissues 48 h postintravenous (i.v.) injection (Figure 6c).
Clearly, the PIBMA-FSON-Cy7 probe was hardly retained at the
tumor site due to its fast metabolism. Meanwhile, the strongest
fluorescence intensity at the tumor site was observed for the
PIBMAOAm-FSON-IR780 NPs, which confirmed the excellent
enrichment of the PIBMAOAm-FSON-IR780 NPs in tumor
tissue. It should be noted that while fluorescence emission was
observed in the main organs, no obvious damage of the major
organs (via the histological examination) was observed after
treatment with PIBMAOAm-FSON-IR780 NPs (Figure S40). We

Figure 5. (a) 1H and 19F MRI of PIBMAOAm-FSON-IR780 NPs with
various concentrations. (b) In vivo 1H and 19F MRI images of 4T1
subcutaneous tumor-bearing BALB/c mice after intravenous (i.v.)
injection with PIBMA-FSON-Cy7 polymer and PIBMAOAm-FSON-
IR780 NPs, respectively, at different time intervals.

Figure 6. (a) In vivo NIR-fluorescence imaging of BALB/c mice with 4T1 subcutaneous tumor post intravenous (i.v.) injection with PIBMA-FSON-
Cy7 or PIBMAOAm-FSON-IR780 NPs at different time intervals (Lateral position). (b) Relative signal intensities shown in the tumor site of mice in
(a). (c) Ex vivo tissue imaging 48 h postinjection of PIBMA-FSON-Cy7 polymer or PIBMAOAm-FSON-IR780 NPs.
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also conducted a blood biochemistry assay to analyze liver and
kidney function biomarkers. No significant changes in the
blood level of these markers were observed at 1-week
postinjection, which is indicative of no renal toxicity (Figure
S41).

■ CONCLUSIONS
In summary, we synthesized a polymer-based probe (PIBMA-
FSON) with low toxicity, good hydrophilicity, and high fluorine
content for 19F MRI with almost zero background and deep
tissue penetration. The carboxylate group and the sulfoxide
group endow the polymer with excellent hydrophilicity, which
enables additional functionalization, including the labeling with
fluorescent dyes and/or targeting peptides. The as-prepared
PIBMA-FSON-Cy7-RGD was successfully used for in vivo 19F
MRI and NIR fluorescence imaging of orthotopic bladder
cancer. Moreover, the targeting behavior of the PIBMA-based
probes could be regulated by replacing 5% of the carboxylate
units on the polymer with oleylamine to form self-assembled
PIBMAOAm-FSON-IR780 NPs that exhibited long T2 relaxation
times (437 ms). The PIBMAOAm-FSON-IR780 NPs exhibited
selective targeting toward a 4T1 subcutaneous tumor model,
which may be ascribed to the EPR effect of the nanostructured
probe. In this regard, we have illustrated that the rational
design of 19F MRI probes for selective targeting is possible by
regulating the local environment of the fluorinated moieties
and the self-assembly behavior of polymers. Significantly, by
regulation of the local hydrophilic properties and self-assembly
of the 19F MRI probes, it was possible to construct dual-
modality imaging probes with highly sensitive and selective
tumor-targeting ability.

■ MATERIALS AND METHODS
Materials and Reagents. NaCl, MgSO4, NaOH, tetrahydrofuran,

dichloromethane, N,N-dimethylformamide, n-hexane, acetone, and
diethyl ether were supplied by the Beijing Chemical Factory. Poly
(isobutylene-alt-maleic anhydride) (PIBMA, 85%), hydrogen per-
oxide (H2O2, 30%, w/w), and oleylamine (OAm) were purchased
from Sigma-Aldrich. Trifluoroiodoethane (98%) and 2-aminoethyl
mercaptan hydrochloride (98%) were supplied by Beijing Innochem
Science & Technology Co., Ltd. 1-Ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC, Sigma) and N-hydroxysuccinimide (NHS,
Acros) were used for bioconjugation company. Targeting peptide
(Arg-Gly-Asp, RGD) was supplied by Nanjing Yuanpeptide Biotech
Co.Ltd. Cyanine 7 amine was purchased from Duofluor Inc. 5-
aminofluorescein was obtained from Aladdin. 11-chloro-1,1″-
dipropyl-3,3,3″,3″-tetramethyl-10,12-trimethylleneindatricarbocy
amine iodide (IR780) was supplied by Alfa Aesar. For cell
experiments, Dulbecco’s modified Eagle’s medium (DMEM) and
phosphate buffer solution (PBS) were supplied from M&C Gene
Technology (Beijing) Ltd. Methylthiazolyltetrazolium (MTT) was
obtained from Amresco Inc. General chemicals were of analytical
grade and used as received without further purification. Deionized
(DI) water was used throughout all experiments. It was obtained from
a Millipore Milli-Q purification system.
Synthesis of 2-(Trifluoroethyl) Thioethylamine. 2-(Trifluor-

oethyl) thioethylamine (FSN) was synthesized following the reported
procedure.32 In brief, 2-aminoethyl mercaptan hydrochloride (26
mmol) was dissolved into a round-bottom flask, followed by the
addition of 10 mL of NaOH solution (5.2 M), and the solution was
stirred for 30 min. Then, trifluoroiodoethane (38 mmol) dissolved in
30 mL of DMF was added dropwise into the flask and stirred at room
temperature for 24 h. The final reaction solution was mixed with
saturated sodium chloride and extracted with ethyl acetate three
times, and the organic phase was collected and dried over anhydrous

MgCl2. The volatile components were removed under a vacuum,
yielding a colorless liquid as the product (2.52 g, yield 60%).
Synthesis of PIBMA-FSN. Poly (isobutylene-maleic anhydride)

(181 mg) was dissolved in DMF (1 mL) under magnetic stirring.
Then, FSN (1.0 mmol) in 1 mL of DMF was added to the mixture, and
the mixture was stirred at room temperature. After 24 h, the polymer
was precipitated in a mixture of dichloromethane and hexane. The
precipitate was redissolved in THF and purified with hexane three
times. 286 mg of the yellow solid was obtained as the product (yield
92%).
Preparation of PIBMA-F1. PIBMA-FSN (22 mg) was dissolved in

a mixture containing 300 μL of THF and 700 μL of DCM. Then, the
solution was injected into a NaOH aqueous solution (1 μM, 10 mL)
under sonication. After sonicating the mixture for 6 min, the mixture
was stirred at 40 °C to evaporate the organic solvent. The colloidal
solution was centrifuged at 20,000 rpm for 10 min. The obtained
sediment was dispersed in water for later use.
Preparation of PIBMA-F2. Hydrogen peroxide was used to

oxidize the thioether group on the side chain of the polymer into the
sulfoxide group. The PIBMA-FSN powder was dissolved in 2 mL of
acetone, and 630 μL of H2O2 was added and then reacted at 40 °C for
60 h. After that, the product as a white solid was obtained through
precipitation with diethyl ether.
Synthesis of PIBMA-FSON. The aforementioned polymer PIBMA-

F2 was then treated with dialysis by immersing under NaOH aqueous
solution (pH = 9.0) for 48 h, which was further purified by dialysis
with PBS (pH = 7.4) for 12 h. Finally, a PIBMA-FSON stock solution
with a concentration of 125 mg/mL was obtained via condensation.
The as-synthesized PIBMA-FSON had an absolute Mn of 10327 with a
relatively low molar mass dispersity (Mw/Mn = 1.2).
Bioconjugation with RGD Peptide or Cy7-Amine. The

PIBMA-FSON (250 mg) was dissolved in 5 mL of water, followed
by dropwise addition of MES (0.1 M) to adjust the pH value to 6.0.
Then, the PIBMA-FSON solution was mixed with EDC (0.025 mmol)
and NHS (0.050 mmol). After the mixture was stirred for 0.5 h, 10
mg of RGD or 1 mg of Cy7-amine dissolved in PBS (pH = 7.4) was
added into the PIBMA-FSON solution. Finally, the resultant solution
was purified using dialysis for 24 h. The obtained bioconjugated
polymer solution was stored at 4 °C for later use.
Synthesis of PIBMAOAm-FSON. Poly (isobutylene-maleic anhy-

dride) (181 mg) was dissolved in DMF (1.0 mL) under magnetic
stirring. Then, FSN (1.0 mmol) and OAm (20 μL) in 1 mL of DMF
were added to the mixture, and the mixture was stirred at room
temperature. After reacting for 24 h, the polymer was precipitated in a
mixture of DCM and hexane. The precipitate was further purified with
THF and then hexane for three times. Finally, a yellow solid was
obtained (140 mg). Thereafter, PIBMAOAm-FSN (560 mg) was
dissolved in 2 mL of acetone, and 800 μL of H2O2 (30%) was
added and then reacted at 40 °C for 60 h. After that, the product was
purified through precipitation with diethyl ether.
Preparation of PIBMAOAm-FSON-IR780. In a typical process of

ultrasonic emulsification, PIBMAOAm-FSON (25 mg) and IR780 (0.15
μmol, 0.1 mg) were dissolved in a mixture containing 100 μL of
DMSO and 300 μL of DCM. Then the solution was injected into 5
mL of NaOH aqueous solution under sonication. After sonicating for
6 min, the mixture was stirred at 40 °C to evaporate the organic
solvent. The colloidal solution was centrifuged at 20,000 rpm for 10
min. The obtained sediment was dispersed in water for later use.
MTT Assay. The cytotoxicity of the as-prepared probe was

evaluated using methylthiazolyltetrazolium (MTT) assays. Briefly,
about 5 × 104 cells/well of 4T1 cells or MREpiC were seeded in a 96-
well microtiter plate and incubated at 37 °C for 12 h to make sure
that the cells adhered. Then, PIBMA-FSON and PIBMA-FSON-RGD
with different concentrations were added to the plate and cultured at
37 °C for 24 or 48 h, respectively, under 5% CO2 and a 95% relative
humidity atmosphere. Next, 20 μL of a sterile-filtered MTT stock
solution in PBS (4.0 mg/mL) was added to each well, and the plate
was then incubated at 37 °C for another 4 h. The relative cell viability
can be calculated by measuring absorption at 492 nm on an ELISA
plate reader compared to that of the control group.
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Cell Imaging. MB49 cells were cultured at 37 °C in a 12-well cell
culture plate for imaging tests. Then, the as-prepared PIBMA-FSON
and PIBMA-FSON-RGD stock solution was added into each well,
respectively, with a final concentration of 400 μg/mL. The cells were
incubated for different time intervals. Before imaging, the cells were
washed with PBS three times.
Hemolysis Test. The whole blood of the mouse was resuspended

in a 3% sodium citrate solution. Then 200 μL of this suspension was
added to each tube. Various concentrations of PIBMA-FSON,
dispersed in PBS, were added. The tubes were incubated in a 37
°C incubator for 2 h and were centrifuged for 10 min at full speed.
Lysis was determined by measuring the absorbance of the supernatant
at 410 nm, reflecting the amount of hemoglobin released hemoglobin.
Relative hemolysis was calculated by assuming 100% lysis of
hemoglobin from the red blood cells being incubated with water.

1H and 19F MRI in Tubes. 1H and 19F MRI phantom imaging
were acquired by placing the sample solution in polypropylene PCR
tubes. The 1H imaging parameters (FLASH) were set as follows:
matrix size (MTX) was 100 × 100, and repetition time (TR) and
echo time (TE) were 3000 and 6.6 ms, respectively. The field of view
(FOV) was set at 40 mm × 40 mm with a slice thickness of 1 mm.
The 19F imaging parameters (T1-REAR) were set as follows: matrix
size (MTX) was 100 × 100, and repetition time (TR) and echo time
(TE) were 5000 and 9.28 ms, respectively. The field of view (FOV)
was set at 40 × 40 mm.
Bladder Cancer Model of C57BL/6 Mice. All mice received care

following the guidelines of the Care and Use of Laboratory Animals,
and their use followed the terms of the Institutional Animal Care
regulations and Use Committee of China-Japan Friendship Hospital
and Beijing University of Chemical Technology. C57BL/6 mice
under anesthetization were injected with MB49 cells (2 × 106) into
their bladder wall via a 0.7 × 19 mm i.v. Cannula syringe. One month
after cell inoculation, the bladder tumors could be imaged by 1H MRI,
confirming the successful establishment of a bladder cancer model.
After 6 weeks, tumor-bearing mice were intravenously injected with
200 μL (125 mg/mL) of PIBMA-FSON or PIBMA-FSON-RGD
solution. The in vivo MRI was carried out after the mouse was
anesthetized with isoflurane.
Subcutaneous Tumor Model of Balb/c Mice. First, the 4T1

cells were centrifuged at 1000 rpm for 5 min and resuspended in
physiological saline to a final concentration of 1 × 107 cells/mL.
Then, 4T1 cells (1 × 106 cells) were subcutaneously inoculated on
the right leg of 4-week-old female mice (Balb/c). As the volume of
tumor grew up to 300 mm3, tumor-bearing mice were intravenously
injected with 200 μL of PIBMA-FSON-Cy7 polymer or PIBMAOAm-
FSON-IR780 NPs solution. In vivo MRI measurements were
performed with mice anesthetized by isoflurane.
In Vivo Experimental Procedure for MRI and Fluorescence

Imaging. The T1-RARE sequence was used for 19F MRI measure-
ments, and the related parameters were set as follows: matrix size
(MTX) was 100 × 100, and repetition time (TR) and echo time (TE)
were 1200 and 4.64 ms, respectively. The field of view (FOV) was set
at 40 × 40 mm with a slice thickness of 5 mm. The total 19F MRI
experiment time was 19 min. The T1 RARE sequence was used for 1H
MRI, and the related parameters were set as follows: matrix size
(MTX) was 100 × 100, and repetition time (TR) and echo time (TE)
were 4529 and 40 ms, respectively. The field of view (FOV) was set at
40 × 40 mm with a slice thickness of 1 mm. The total 1H MRI
experiment time was about 3 min 1 s. Those mice were imaged by the
small animal live imaging system from the PE company (IVIS
Spectrum) for fluorescence imaging.
Serological and Histological Analysis. The blood samples and

major organs of mice injected with 100 μL of PIBMAOAm-FSON-IR780
solution and healthy mice as control, respectively, were collected 1
week after administration for blood biochemical analysis and
histological examination. All experiments were carried out at least in
triplicate, and results were expressed as means ± SD.
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■ ABBREVIATIONS
(MRI) magnetic resonance imaging
(PIBMA) poly (isobutylene-maleic anhydride)
(PFC) perfluorocarbon
(PFCE) perfluoropolyether
(FSN) 2-(trifluoroethyl) thioethylamine
(Cy7) heptamethine cyanine dye derivatives
(Arg-Gly-Asp, RGD) a targeting peptide
(NPs) nanoparticles
(Peakw) half peak width
(SNR) signal-to-noise ratio
(TEM) transmission electron microscopy
(DLS) dynamic light scattering
(FTIR) Fourier transform infrared

■ REFERENCES
(1) Wang, F.; Ren, F.; Ma, Z.; Qu, L.; Gourgues, R.; Xu, C.;

Baghdasaryan, A.; Li, J.; Zadeh, I. E.; Los, J. W. N.; Fognini, A.; Qin-
Dregely, J.; Dai, H. In Vivo Non-Invasive Confocal Fluorescence
Imaging Beyond 1,700 nm Using Superconducting Nanowire Single-
Photon Detectors. Nat. Nanotechnol. 2022, 17 (6), 653−660.
(2) Bhargava, A.; Monteagudo, B.; Kushwaha, P.; Senarathna, J.;

Ren, Y.; Riddle, R. C.; Aggarwal, M.; Pathak, A. P. VascuViz: A
Multimodality and Multiscale Imaging and Visualization Pipeline for
Vascular Systems Biology. Nat. Methods 2022, 19 (2), 242−254.
(3) Wang, T.; Wang, S.; Liu, Z.; He, Z.; Yu, P.; Zhao, M.; Zhang, H.;

Lu, L.; Wang, Z.; Wang, Z.; Zhang, W.; Fan, Y.; Sun, C.; Zhao, D.;
Liu, W.; Bünzli, J.-C. G.; Zhang, F. A hybrid erbium(III)−
bacteriochlorin near-infrared probe for multiplexed biomedical
imaging. Nat. Mater. 2021, 20 (11), 1571−1578.
(4) Fang, Y.; Shang, J.; Liu, D.; Shi, W.; Li, X.; Ma, H. Design,

Synthesis, and Application of a Small Molecular NIR-II Fluorophore
with Maximal Emission beyond 1200 nm. J. Am. Chem. Soc. 2020, 142
(36), 15271−15275.
(5) Shin, T.-H.; Kim, P. K.; Kang, S.; Cheong, J.; Kim, S.; Lim, Y.;

Shin, W.; Jung, J.-Y.; Lah, J. D.; Choi, B. W.; Cheon, J. High-
resolution T1MRI via renally clearable dextran nanoparticles with an
iron oxide shell. Nat. Biomed. Eng. 2021, 5 (3), 252−263.
(6) Wang, G.; Angelovski, G. Highly Potent MRI Contrast Agent

Displaying Outstanding Sensitivity to Zinc Ions. Angew. Chem., Int.
Ed. 2021, 60 (11), 5734−5738.
(7) Cohen, D.; Mashiach, R.; Houben, L.; Galisova, A.; Addadi, Y.;

Kain, D.; Lubart, A.; Blinder, P.; Allouche-Arnon, H.; Bar-Shir, A.
Glyconanofluorides as Immunotracers with a Tunable Core
Composition for Sensitive Hotspot Magnetic Resonance Imaging of
Inflammatory Activity. ACS Nano 2021, 15 (4), 7563−7574.
(8) Palagi, L.; Di Gregorio, E.; Costanzo, D.; Stefania, R.; Cavallotti,

C.; Capozza, M.; Aime, S.; Gianolio, E. Fe(deferasirox)2: An

Iron(III)-Based Magnetic Resonance Imaging T1 Contrast Agent
Endowed with Remarkable Molecular and Functional Characteristics.
J. Am. Chem. Soc. 2021, 143 (35), 14178−14188.
(9) Xie, D.; Yu, M.; Kadakia, R. T.; Que, E. L. 19F Magnetic

Resonance Activity-Based Sensing Using Paramagnetic Metals. Acc.
Chem. Res. 2020, 53 (1), 2−10.
(10) Chirizzi, C.; Morasso, C.; Caldarone, A. A.; Tommasini, M.;

Corsi, F.; Chaabane, L.; Vanna, R.; Bombelli, F. B.; Metrangolo, P. A
Bioorthogonal Probe For Multiscale Imaging by 19F MRI and Raman
Microscopy: From Whole Body to Single Cells. J. Am. Chem. Soc.
2021, 143 (31), 12253−12260.
(11) Ren, L.; Chen, S.; Jiang, W.; Zeng, Q.; Zhang, X.; Xiao, L.;

McMahon, M. T.; Xin, L.; Zhou, X. Efficient Temperature-Feedback
Liposome for 19F MRI Signal Enhancement. Chem. Commun. 2020,
56 (92), 14427−14430.
(12) Li, Y.; Zhang, H.; Guo, C.; Hu, G. F.; Wang, L. Y.

Multiresponsive Nanoprobes for Turn-On Fluorescence/19F MRI
Dual-Modal Imaging. Anal. Chem. 2020, 92 (17), 11739−11746.
(13) Hill, L. K.; Frezzo, J. A.; Katyal, P.; Dung, Minh H.; Gironda, Z.

B. Y.; Xu, C.; Xie, X.; Delgado-Fukushima, E.; Wadghiri, Y. Z.;
Montclare, J. K. Protein-Engineered Nanoscale Micelles for Dynamic
19F Magnetic Resonance and Therapeutic Drug Delivery. ACS Nano
2019, 13 (3), 2969−2985.
(14) Zhang, Y.; Ma, Q.; Yan, Y.; Guo, C.; Xu, S.; Wang, L.

Intratumoral Glutathione Activatable Nanoprobes for Fluorescence
and 19F Magnetic Resonance Turn-On Imaging. Anal. Chem. 2020,
92, 15679−15684.
(15) Guo, C.; Zhang, Y.; Li, Y.; Xu, S. Y.; Wang, L. Y. 19F MRI

nanoprobes for the turn-on detection of phospholipase A2 with a low
background. Anal. Chem. 2019, 91 (13), 8147−8153.
(16) Guo, C.; Xu, S. Y.; Arshad, A.; Wang, L. Y. A pH-Responsive

Nanoprobe for Turn-On 19F Magnetic Resonance Imaging. Chem.
Commun. 2018, 54 (70), 9853−9856.
(17) Wang, H.; Cui, J.; Arshad, A.; Xu, S. Y.; Wang, L. Y. A visual

photothermal paper sensor for H2S recognition through rational
modulation LSPR wavelength of plasmonics. Sci. China-Chem. 2018,
61 (3), 368−374.
(18) Zhang, C.; Moonshi, S. S.; Wang, W.; Ta, H. T.; Han, Y.; Han,

F. Y.; Peng, H.; Kral, P.; Rolfe, B. E.; Gooding, J. J.; Gaus, K.;
Whittaker, A. K. High F-Content Perfluoropolyether-Based Nano-
particles for Targeted Detection of Breast Cancer by 19F Magnetic
Resonance and Optical Imaging. ACS Nano 2018, 12 (9), 9162−
9176.
(19) Ashur, I.; Allouche-Arnon, H.; Bar-Shir, A. Calcium Fluoride

Nanocrystals: Tracers for In Vivo 19F Magnetic Resonance Imaging.
Angew. Chem., Int. Ed. 2018, 57 (25), 7478−7482.
(20) Mashiach, R.; Cohen, D.; Avram, L.; Harris, T.; Pinkas, I.;

Houben, L.; Allouche-Arnon, H.; Bar-Shir, A. Inducing Defects in 19F-
Nanocrystals Provides Paramagnetic-free Relaxation Enhancement for
Improved In Vivo Hotspot MRI. Nano Lett. 2020, 20 (10), 7207−
7212.
(21) Tirotta, I.; Dichiarante, V.; Pigliacelli, C.; Cavallo, G.;

Terraneo, G.; Bombelli, F. B.; Metrangolo, P.; Resnati, G. 19F
Magnetic Resonance Imaging (MRI): From Design of Materials to
Clinical Applications. Chem. Rev. 2015, 115 (2), 1106−1129.
(22) Cho, M. H.; Shin, S. H.; Park, S. H.; Kadayakkara, D. K.; Kim,

D.; Choi, Y. Targeted, Stimuli-Responsive, and Theranostic 19F
Magnetic Resonance Imaging Probes. Bioconjugate Chem. 2019, 30
(10), 2502−2518.
(23) Lin, H.; Tang, X.; Li, A.; Gao, J. Activatable 19F MRI

Nanoprobes for Visualization of Biological Targets in Living Subjects.
Adv. Mater. 2021, 33 (50), No. 2005657.
(24) Taylor, N. G.; Chung, S. H.; Kwansa, A. L.; Johnson, R. R., III;

Teator, A. J.; Milliken, N. J. B.; Koshlap, K. M.; Yingling, Y. G.; Lee, Y.
Z.; Leibfarth, F. A. Partially Fluorinated Copolymers as Oxygen
Sensitive 19F MRI Agents. Chem. − Eur. J. 2020, 26 (44), 9982−9990.
(25) Janasik, D.; Krawczyk, T. 19F MRI Probes for Multimodal

Imaging. Chem. − Eur. J. 2022, 28, No. e202102556.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c14715
ACS Appl. Mater. Interfaces 2024, 16, 65319−65327

65326

https://doi.org/10.1038/s41565-022-01130-3
https://doi.org/10.1038/s41565-022-01130-3
https://doi.org/10.1038/s41565-022-01130-3
https://doi.org/10.1038/s41592-021-01363-5
https://doi.org/10.1038/s41592-021-01363-5
https://doi.org/10.1038/s41592-021-01363-5
https://doi.org/10.1038/s41563-021-01063-7
https://doi.org/10.1038/s41563-021-01063-7
https://doi.org/10.1038/s41563-021-01063-7
https://doi.org/10.1021/jacs.0c08187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41551-021-00687-z
https://doi.org/10.1038/s41551-021-00687-z
https://doi.org/10.1038/s41551-021-00687-z
https://doi.org/10.1002/anie.202014431
https://doi.org/10.1002/anie.202014431
https://doi.org/10.1021/acsnano.1c01040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c01040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c01040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CC05809B
https://doi.org/10.1039/D0CC05809B
https://doi.org/10.1021/acs.analchem.0c01786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c01786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b07481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b07481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b00435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b00435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b00435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC06129G
https://doi.org/10.1039/C8CC06129G
https://doi.org/10.1007/s11426-017-9179-2
https://doi.org/10.1007/s11426-017-9179-2
https://doi.org/10.1007/s11426-017-9179-2
https://doi.org/10.1021/acsnano.8b03726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b03726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b03726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201800838
https://doi.org/10.1002/anie.201800838
https://doi.org/10.1021/acs.nanolett.0c02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500286d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500286d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500286d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.9b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.9b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202005657
https://doi.org/10.1002/adma.202005657
https://doi.org/10.1002/chem.202001505
https://doi.org/10.1002/chem.202001505
https://doi.org/10.1002/chem.202280561
https://doi.org/10.1002/chem.202280561
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c14715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Xu, M.; Guo, C.; Hu, G. F.; Xu, S. Y.; Wang, L. Y. Organic
Nanoprobes for Fluorescence and 19F Magnetic Resonance Dual-
Modality Imaging. Chin. J. Chem. 2018, 36 (1), 25−30.
(27) Rolfe, B. E.; Blakey, I.; Squires, O.; Peng, H.; Boase, N. R. B.;

Alexander, C.; Parsons, P. G.; Boyle, G. M.; Whittaker, A. K.;
Thurecht, K. J. Multimodal Polymer Nanoparticles with Combined
19F Magnetic Resonance and Optical Detection for Tunable,
Targeted, Multimodal Imaging in Vivo. J. Am. Chem. Soc. 2014, 136
(6), 2413−2419.
(28) Huang, X.; Huang, G.; Zhang, S.; Sagiyama, K.; Togao, O.; Ma,

X.; Wang, Y.; Li, Y.; Soesbe, T. C.; Sumer, B. D.; Takahashi, M.;
Sherry, A. D.; Gao, J. Multi-Chromatic pH-Activatable 19F MRI
Nanoprobes with Binary ON/OFF pH Transitions and Chemical-
Shift Barcodes. Angew. Chem., Int. Ed. 2013, 125, 8232−8236.
(29) Fu, C.; Herbst, S.; Zhang, C.; Whittaker, A. K. Polymeric 19F

MRI Agents Responsive to Reactive Oxygen Species. Polym. Chem.
2017, 8 (31), 4585−4595.
(30) Thurecht, K. J.; Blakey, I.; Peng, H.; Squires, O.; Hsu, S.;

Alexander, C.; Whittaker, A. A. K. Functional Hyperbranched
Polymers: Toward Targeted in Vivo 19F Magnetic Resonance Imaging
Using Designed Macromolecules. J. Am. Chem. Soc. 2010, 132, 5336−
5337.
(31) Moonshi, S. S.; Zhang, C.; Peng, H.; Puttick, S.; Rose, S.; Fisk,

N. M.; Bhakoo, K.; Stringer, B. W.; Qiao, G. G.; Gurr, P. A.;
Whittaker, A. K. A unique 19F MRI agent for the tracking of non
phagocytic cells in vivo. Nanoscale 2018, 10 (17), 8226−8239.
(32) Fu, C.; Demir, B.; Alcantara, S.; Kumar, V.; Han, F.; Kelly, H.

G.; Tan, X.; Yu, Y.; Xu, W.; Zhao, J.; Zhang, C.; Peng, H.; Boyer, C.;
Woodruff, T. M.; Kent, S. J.; Searles, D. J.; Whittaker, A. K. Low-
Fouling Fluoropolymers for Bioconjugation and In Vivo Tracking.
Angew. Chem., Int. Ed. 2020, 59 (12), 4729−4735.
(33) Feng, Z.; Li, Q.; Wang, W.; Ni, Q.; Wang, Y.; Song, H.; Zhang,

C.; Kong, D.; Liang, X.-J.; Huang, P. Superhydrophilic Fluorinated
Polymer and Nanogel for High-Performance 19F Magnetic Resonance
Imaging. Biomaterials 2020, 256, No. e120184.
(34) Goddard, Z. R.; Marín, M. J.; Russell, D. A.; Searcey, M. Active

targeting of gold nanoparticles as cancer therapeutics. Chem. Soc. Rev.
2020, 49 (23), 8774−8789.
(35) van der Vlies, A. J.; Xu, J.; Ghasemi, M.; Bator, C.; Bell, A.;

Rosoff-Verbit, B.; Liu, B.; Gomez, E. D.; Hasegawa, U. Thioether-
Based Polymeric Micelles with Fine-Tuned Oxidation Sensitivities for
Chemotherapeutic Drug Delivery. Biomacromolecules 2022, 23 (1),
77−88.
(36) Huang, J.; Jiang, Y.; Li, J.; He, S.; Huang, J.; Pu, K. A Renal-

Clearable Macromolecular Reporter for Near-Infrared Fluorescence
Imaging of Bladder Cancer. Angew. Chem., Int. Ed. 2020, 59 (11),
4415−4420.
(37) Li, G.; Lei, Q.; Wang, F.; Deng, D.; Wang, S.; Tian, L.; Shen,

W.; Cheng, Y.; Liu, Z.; Wu, S. Fluorinated Polymer Mediated
Transmucosal Peptide Delivery for Intravesical Instillation Therapy of
Bladder Cancer. Small 2019, 15 (25), No. e1900936.
(38) Liang, X.; Zhang, P.; Ma, M.; Yang, T.; Zhao, X.; Zhang, R.;

Jing, M.; Song, R.; Wang, L.; Fan, J. Multiplex Ratiometric Gold
Nanoprobes Based on Surface-Enhanced Raman Scattering Enable
Accurate Molecular Detection and Imaging of Bladder Cancer. Nano
Res. 2022, 15, 3487−3495.
(39) Li, G.; Wang, S.; Deng, D.; Xiao, Z.; Dong, Z.; Wang, Z.; Lei,

Q.; Gao, S.; Huang, G.; Zhang, E.; Zeng, G.; Wen, Z.; Wu, S.; Liu, Z.
Fluorinated Chitosan To Enhance Transmucosal Delivery of
Sonosensitizer- Conjugated Catalase for Sonodynamic Bladder
Cancer Treatment Post-intravesical Instillation. ACS Nano 2020, 14
(2), 1586−1599.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c14715
ACS Appl. Mater. Interfaces 2024, 16, 65319−65327

65327

https://doi.org/10.1002/cjoc.201700382
https://doi.org/10.1002/cjoc.201700382
https://doi.org/10.1002/cjoc.201700382
https://doi.org/10.1021/ja410351h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja410351h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja410351h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201301135
https://doi.org/10.1002/ange.201301135
https://doi.org/10.1002/ange.201301135
https://doi.org/10.1039/C7PY00986K
https://doi.org/10.1039/C7PY00986K
https://doi.org/10.1021/ja100252y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100252y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100252y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8NR00703A
https://doi.org/10.1039/C8NR00703A
https://doi.org/10.1002/anie.201914119
https://doi.org/10.1002/anie.201914119
https://doi.org/10.1016/j.biomaterials.2020.120184
https://doi.org/10.1016/j.biomaterials.2020.120184
https://doi.org/10.1016/j.biomaterials.2020.120184
https://doi.org/10.1039/D0CS01121E
https://doi.org/10.1039/D0CS01121E
https://doi.org/10.1021/acs.biomac.1c01010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c01010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c01010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201911859
https://doi.org/10.1002/anie.201911859
https://doi.org/10.1002/anie.201911859
https://doi.org/10.1002/smll.201900936
https://doi.org/10.1002/smll.201900936
https://doi.org/10.1002/smll.201900936
https://doi.org/10.1007/s12274-021-3902-1
https://doi.org/10.1007/s12274-021-3902-1
https://doi.org/10.1007/s12274-021-3902-1
https://doi.org/10.1021/acsnano.9b06689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b06689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b06689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c14715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

