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Visualization of drug release in vivo is crucial for improving therapeutic efficacy and preventing
inappropriate medication dosing, yet, challenging. Herein, we report a pH-activated chemo-
immunotherapy nanoplatform with visualization of drug release in vivo by ratiometric *°F magnetic
resonance imaging (**F MRI). This nanoplatform consists of ultra-small histamine-modified perfluoro-15-
(PFCE) (Dox),
trifluoromethyl-containing metal-organic assemblies via coordination-driven self-assembly. The
chemical shifts of two types of °F atoms in the nanoplatform are significantly different in *°F nuclear
magnetic resonance (NMR) spectra, which facilitates the implementation of ratiometric 19F MRI without
any signal crosstalk. In an acidic tumor microenvironment, this nanoplatform gradually degrades, which

crown-5-ether nanodroplets loaded with doxorubicin which are packaged in

results in a sustained drug release with a real-time change in the ratiometric °F MRI signal. Therefore,

a linear correlation between the Dox release profile and ratiometric *°F MRI signal is established to
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Accepted 18th September 2024 visualize Dox release. Moreover, the pH-triggered disassembly of the nanoplatform leads to cell

pyroptosis, which evokes immunogenic cell death (ICD), resulting in the regression of the primary tumor

DOI: 10.1039/d45c03643c and inhibition of distal tumor growth. This study provides the proof-of-concept application of
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Introduction

In the past few decades, stimulus-responsive (pH,"? enzymes,**
redox changes,*® etc.) drug delivery systems have been rapidly
developed due to the flourishing advancements of
nanotechnology,”® however, in vivo exact monitoring of drug
release is still challenging in spite of significant progress.'*™*®
Ratiometric fluorescence’™® and ratiometric photoacoustic*®
imaging, which can eliminate the shortcomings often encoun-
tered in single wavelength imaging by self-calibration using two
responsive signals at two separate wavelengths, offers the
opportunity to reproducibly measure drug release, despite some
disadvantages such as limited tissue penetration depth* and
undesirable tissue autofluorescence.*

Fluorine magnetic resonance imaging (*°F-MRI)*>** not only
provides the advantages of "H-MRI such as high spatial reso-
lution and deep tissue penetration,*>° but also demonstrates
virtually zero background interference,**** allowing in vivo
quantitative analysis.**** Due to the diffusion and distribution
of the nanoprobes in vivo, the '°F MRI signal intensity may be
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ratiometric *°F MRI to visualize drug release in vivo.

influenced by the concentration of nanoprobes. Consequently,
relying solely on the absolute signal intensity of nanoprobes for
imaging may inaccurately visualize drug release. Ratiometric
measurement involves the self-calibration of the signal inten-
sity by recording fluctuations in two signals, where one signal
serves as a reference for normalizing another.*>*® This method
is unaffected by local nanoprobe concentration, thereby
enabling more precise and reliable quantification. Employing
a ratiometric method, where two distinct MR acquisitions
collect images from a single sample, holds the potential for
improving the efficiency of MRL* Inspired by ratiometric
fluorescent and ratiometric photoacoustic imaging sensors that
rely on two emission bands, we attempt to develop ratiometric
19F MRI nanoprobes with two distinct °’F NMR peaks. The wide
chemical shift range (>350 ppm) in '’F NMR spectroscopy
enables '°F MRI probes with distinct '°F chemical shift peaks,
leading to multicolor '°F MRI images and laying the foundation
for ratiometric imaging. To obtain highly sensitive '°F-MRI
probes for practical in vivo MRI applications, it is highly
important but faces great challenges to increase the number of
fluorine atoms in the MRI probes, meanwhile maintaining good
molecular mobility and thus a high '’F MRI signal. Despite
great efforts, very little has been achieved in vivo quantitative
monitoring of drug release by ratiometric °F MRI.

Herein, we designed a pH-activated chemo-immunotherapy
nanoplatform (PFZF-Dox NPs) with in situ monitoring drug

Chem. Sci., 2024, 15, 17397-17406 | 17397


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc03643c&domain=pdf&date_stamp=2024-10-26
http://orcid.org/0000-0001-6638-0040
http://orcid.org/0000-0002-5961-7764
https://doi.org/10.1039/d4sc03643c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03643c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015042

Open Access Article. Published on 23 September 2024. Downloaded on 11/14/2025 4:40:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

1 £ s H,0O o Fal ~ Q RF
: H)S\ + _F>LF_F —_— ‘I”YS\K L} /’14,];3'\%#: O: T - 61 ppm a F
1 X 3 1
ey A b®! Fmiz
\::_':::_':_"_“_"':::::_"_“:_"_‘::_':::::_'_‘_“_"_’_”_'::__':::_“_“______:\ 2

PSIOAm/His POIYmer f(:ugl-){ Y ) D NH3-H,0

e - " o . Zn2+ f——>

~~ Ultrasonication |, Self-assembly

— | Dox of
PFCE Q}g — e il

1

]

i

1

[ i

‘ e 1
1

1

i

1

e o i

Physiological pH
Stable

-92 ppm Signal ON

-61 ppm Signal OFF

=

i
-90 ppm N -60

-60 -70 -80

Scheme 1 Schematic illustration of the fabrication and properties of PF
sulfinyl)-1H-imidazole). PFZF-Dox NPs consist of small-sized perfluoro

' PF-Dox NPs|

suppression on
distal tumor

~

_______________________________________________________

Immunogenic Cell Death

CTLcells  pMature DCs

iDCs

infla

T e e

1
1
1
\

ZF-Dox NPs (PF: PFCE nanodroplets; Z: Zn®*; F: 2-((2,2,2-trifluoroethyl)
-15-crown-5-ether (PFCE) nanodroplets (PF-Dox NPs) coated with tri-

fluoromethyl-containing metal—organic assemblies. After being taken up by the cells, PFZF-Dox NPs continuously released Dox and Zn?* into
tumor cells, which evoked pyroptosis and chemotherapy. The released inflammatory factor cellular content would induce immunogenic cell

death (ICD).

release capability by ratiometric '°F MRI (Scheme 1). In brief, we
fabricated hydrophilic ultra-small (about 3 nm) perfluoro-15-
crown-5-ether (PFCE) nanodroplets (termed PF-3 NPs) loaded
with doxorubicin (Dox) using histamine (His) and oleylamine
(OAm) modified poly(succinimide) (PSI). And then these nano-
droplets were packaged in trifluoromethyl-containing metal-
organic assemblies via coordination-driven self-assembly under
basic conditions to get PFZF-Dox NPs (PF: PFCE nanodroplets;
Z: Zn*%; F: 2-((2,2,2-trifluoroethyl)sulfinyl)-1H-imidazole; Dox:
doxorubicin). PFCE was chosen as the one color (chemical shift
at —92 ppm) whose '’F NMR signal was kept constant, which
serves as the internal reference signal. Additionally, tri-
fluoromethyl (chemical shift at —61 ppm) in metal-organic
assemblies was chosen as the other color for the nanoplatform.
In a mild acidic microenvironment, the trifluoromethyl-
containing metal-organic assemblies gradually decompose,
causing the change of the '°F NMR signal at —61 ppm, as well as
Dox release. This signal increases during assembly degradation,
which serves as the response signal of Dox release. The
ratiometric *°F MRI signal (F_61ppm/F—92ppm) Was linear with pH
value and independent of the concentrations of PFZF-Dox NPs.
As a result, a linear correlation between the Dox release profile
and ratiometric '°F MRI signal was established for quantitative
detection in vivo. Furthermore, trifluoromethyl-containing
metal-organic assemblies as a Zn>* releasing agent can intrin-
sically induce pyroptosis by a caspase-1/gasdermin D (GSDMD)-

17398 | Chem. Sci, 2024, 15, 17397-17406

dependent pathway. Combinations of Zn>" evoked pyroptosis
and chemotherapeutic Dox not only exhibited significant
potential in cancer therapy but also induced the immunogenic
cell death (ICD) of tumor cells, which provide new strategies
and inspiration for imaging-guided cancer treatments with the
capability of in vivo visualization of drug release.

Results and discussion

Preparation and characterization

PFZF-Dox NPs were synthesized via a two-step process, as
illustrated in Scheme 1. First, PF-Dox NPs were prepared by co-
encapsulating PFCE and Dox with a histamine (His) function-
alized amphiphilic polymer (PSIoammis) The PSIoam/mis With
different amounts of His was prepared by aminolysis of the
lactam ring on the poly(succinimide) (PSI) with His and oleyl-
amine (OAm). Under optimized conditions, the contents of
OAm and His were fixed at 30% of the succinimide units,
respectively. Subsequently, PF NPs (PF-30 NPs, PF-5 NPs, and
PF-3 NPs) with diameters of 30, 5 and 3 nm were synthesized by
ultrasonic emulsification (Fig. S1-S4+t). The PF-3 NPs were then
chosen for subsequent experiments because the small nano-
particles showed superior penetration behavior.**** It is notable
that, if not otherwise specified, the PFZF was fabricated using
PF-3 NPs in this work.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(A) TEM image of PF NPs. (B) TEM image of PFZF-Dox NPs at pH 7.4. (C) TEM image of PFZF-Dox NPs at pH 5.0. (D) DLS size distribution of

PFZF-Dox NPs at pH 7.4 and pH 5.0. (E) Cumulative release of Zn?* from PFZF-Dox NPs under different conditions along with time (n = 3). (F) *°F
NMR signal intensities at —61 ppm at pH 7.4 and 5.0 along with time (n = 3). (G) *°F NMR signal intensities at —92 ppm at pH 7.4 and 5.0 along with
time (n = 3). (H) T> relaxation time for °F NMR at —61 ppm and —92 ppm of PFZF NPs at pH 7.4 and 5.0. (1) °F NMR spectra of PFZF NPs at
different pH. (J) The *°F NMR signal intensities at —61 ppm/*°F NMR signal intensities at —92 ppm (*°F_g1/*°F _q,) of PFZF NPs at different pH. Inset:
The photograph of PFZF NPs under different pH conditions. (K) The *°F_g1/*°F o> signal ratio intensity of PFZF NPs at different pH. Measurements
were performed at four different concentrations of PFZF-Dox NPs. (L) Correlation curve of the signal ratio intensity and Dox release percentage.

The transmission electron microscopy (TEM) image (Fig. 1A
and S57) indicated the successful construction of PF NPs with
an average particle size of 3.0 = 0.6 nm. Based on the coordi-
nation between the fluorinated imidazole group and Zn*', the
PF NPs were further assembled into nanoplatforms. Compared
to our previously used 4-trifluoromethyl imidazole,* the
hydrophilicity of newly developed 2-((2,2,2-trifluoroethyl)sul-
finyl)-1H-imidazole (Fig. S6-S91) was greatly improved. After
optimization of pH and Zn** doses (Fig. $10 and S117), spher-
ical PFZF-Dox NPs (Fig. 1B) with a dynamic light scattering
(DLS) size of 54 + 14 nm (Fig. S121) were successfully fabricated.
The elements including C (41.9%), N (11.0%), O (30.3%), F
(8.4%), and Zn (8.4%) on PFZF NPs were confirmed by X-ray
photoelectron spectroscopy (XPS) (Fig. S137).

pH-activated drug release monitoring by ratiometric '°’F NMR

To verify the pH-responsive degradation and Zn>" ion release
ability, the obtained PFZF-Dox NPs were dispersed into phos-
phate buffered saline (PBS) solutions with different pH values
(7.4, 6.0, and 5.0), respectively. As shown in Fig. S14,T at pH 7.4,
PFZF-Dox NPs maintained spherical nanoparticles without
apparent degradation. In contrast, after being treated with an
acidic buffer solution (pH 5.0) for 10 min, the PFZF-Dox NPs
showed noticeable degradation, and no intact PFZF-Dox NPs
could be observed (Fig. 1C), which was further confirmed by the
decreased DLS sizes (Fig. 1D). As shown in Fig. 1E, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

accumulated Zn”" ion release profile indicated that the release
rate under acidic conditions reached 84% within 10 min,
however, it displayed a negligible release over 60 min in
a neutral environment. To verify the pH-responsive Dox release
capability, the obtained PFZF-Dox NPs were dispersed in PBS
solutions with pH values of 7.4 and 5.0. As shown in Fig. S15,
the accumulated Dox release profile indicated that the release
rate under acidic conditions reached 72% within 10 minutes,
whereas it exhibited minimal release over 60 minutes in
a neutral environment.

As depicted in Scheme 1, The PFZF-Dox NPs displayed “°F
NMR peaks at —61 ppm and —92 ppm, belonging to tri-
fluoromethyl in 2-((2,2,2-trifluoroethyl)sulfinyl)-1H-imidazole
(F-MIZ) and PFCE in PF-Dox NPs, respectively. Under acidic
conditions (pH 5.0), the '’F NMR signal at —61 ppm was
increased from 22 to 375 within 10 min (Fig. 1F). When exposed
to a neutral environment (pH 7.4) even up to 60 minutes, the '°F
NMR signal at —61 ppm remains unchanged due to the mobility
restriction of F-MIZ and thus attenuation of the "°F NMR signal
in the intact nanoplatform. Meanwhile, under both neutral (pH
7.4) and acidic (pH 5.0) conditions, the '°F NMR signal at
—92 ppm was relatively stable, which can be attributed to the
highly hydrophobic and significantly lipophobic properties of
PFCE (*°F nuclei at —92 ppm) in PF NPs and it tends to segre-
gate from the surrounding environment and exists as a droplet
itself, resulting in its mobility unchanging with pH (Fig. 1G).

Chem. Sci, 2024, 15, 17397-17406 | 17399
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Apart from the signal intensity changes, the variation of the
transverse (T,) relaxation time of "°F nuclei at —92 ppm and
—61 ppm was also checked (Fig. 1H). Notably, the T, values of
9F nuclei at —61 ppm increased under acidic conditions (pH
5.0), with a ~121-fold increase from 9.5 ms to 1151.6 ms, which
could be attributed to the degradation of PFZF NPs because the
excellent mobility of the fluorine group is in favor of a long T,
value and thus a high "’F NMR signal.** Fig. 1I shows the "°F
NMR spectra of PFZF NPs under different pH conditions. With
the pH decrease from 7.4 to 5.0 and the corresponding
decomposition of the nanoplatform, the °F NMR signal at
—61 ppm increased step by step, which can be used for a pH-
responsive signal. Meanwhile, the signal at —92 ppm
remained stable, serving as the reference signal in the ratio-
metric '°F MRI monitoring of drug release.

The "F_¢/*°F_o, signal ratio gradually increased with the
pH decrease, and the inset photographs (from colloid to solu-
tion) confirmed the decomposition of PFZF NPs under acidic
conditions (Fig. 1]). As shown in Fig. 1K, the "°F_g;/"°F_o, signal
ratio was independent of the concentration of PFZF NPs but
highly related to pH. Subsequently, we tested the potential of
this ratiometric '°F MRI to monitor drug release. A linear rela-
tionship between cumulatively released Dox and the
"F_g1/"°F_o, signal ratio was found (Fig. 1L, y = 23.5 (+1.4) x +
28.7 (+1.7), R = 0.99), indicating that the ratiometric signal
intensity could be used for quantitative monitoring of the Dox
release.

Cell internalization and tumor penetration

Before the in vivo ’F MRI monitoring application, the cellular
uptake efficiency of PFZF NPs was investigated using Nile red to
monitor the location of the nanoplatforms. As shown in Fig. 2A
and B, negligible red fluorescence was observed after 1.0 h
incubation, while it increased significantly by prolonging the
incubation time. The cellular uptake efficiency was also evalu-
ated by "°F NMR, and a similar behavior was observed (Fig. 2C).
Moreover, 3D tumor organoids were built to investigate the
intratumoral penetration capabilities of nanoplatforms. Fluo-
rescence images of tumor spheroids after incubation with PF-3
and PF-30 NPs are exhibited in Fig. S16,F implying superior
penetration behavior of the small PF NPs. Another control
sample coated with ZF was prepared using 30 nm-sized PF NPs,
termed PF-30ZF NPs (Fig. S17t). The dynamic light scattering
size of PF-30ZF NPs is 61 + 18 nm (Fig. S181). As shown in
Fig. 2D and E, the stronger red fluorescence was observed in the
interior of 3D multicellular tumor cell spheroids treated with
PF-3ZF NPs (the size of PF NPs was 3 nm), in contrast to those
treated with PF-30ZF NPs, where red emission was only
observed at the borderline of those spheroids. This could be
attributed to the better penetration ability of small-size PF NPs
after the decomposition of the PFZF nanoplatform.

Cytotoxicity and pyroptosis pathways

Cytotoxicity of PFZF NPs was further investigated in 4T1 cells. As
shown in Fig. S19,7 only 15% of cell viability was observed after
incubation with PFZF-Dox NPs (150 pug mL™') for 24 h.

17400 | Chem. Sci, 2024, 15, 17397-17406
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Fig. 2 (A) Confocal fluorescence images of 4T1 cells after incubation

with PF-3ZF NPs. The scale bar is 20 um. (B) Quantitative data from (A).
(C) 1°F NMR signal ratio of 4T1 cells treated with PFZF NPs along with
time. (D) Confocal fluorescence images of 4T1 3D tumor spheroids
after incubation with PF-3ZF and PF-30 ZF NPs (scale bar = 25 um). (E)
Quantitative analysis of red fluorescence intensities in different groups
for line scanning of 3D tumor spheroids at a given depth.

Meanwhile, after incubation with PFZF NPs without Dox (150 pg
mL ") for 24 h, the 4T1 cells maintained viability over 75%,
implying that Dox mainly induced the cell toxicity. However,
compared with PF-Dox NPs, the PFZF-Dox NPs with a consistent
molar concentration of doxorubicin (Dox) showed significantly
enhanced cytotoxicity (Fig. S20t), which may be attributed to
the synergism of Dox and Zn>" released from PFZF NPs. Then,
2/,7'-dichlorodihydro fluorescein diacetate (DCFH-DA) was used
to evaluate the intracellular oxidative stress (Fig. 3A top and
S217). The groups treated with PFZF NPs (II) and PFZF-Dox NPs
(V) revealed an increase in ROS generation when compared with
the PBS (1), free Dox (III) and PF-Dox NP group, which might
have resulted from sudden surges in Zn>* ions and homeostasis
disequilibrium. Similar to the above results, confocal laser
scanning microscopy (CLSM) images of 4T1 cells with different
treatments indicated significant changes in mitochondrial
membrane depolarization, verified through fluorescence stain-
ing with a mitochondrial membrane potential probe (JC-1). The
groups treated with PFZF-Dox NPs (Fig. 3A bottom and S227)
revealed a decrease in the red-to-green emission ratio compared
with the PBS group, implying the stronger depolarization of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3

(A) CLSM fluorescence images of 4T1 cells after different formulations, followed by staining with DCFH-DA (ROS generation indicator) and

JC-1, respectively. The scale bar represents 20 um. (B) Cell migration assay of 4T1 cells after different formulations. The scale bar represents 100
pum. (C) Bio-TEM images. The scale bar represents 2 um. (D) Western blot analysis of Caspase-1and GSDMD proteins after different formulations.
(E) The scheme of PFZF-Dox NPs promoting the ICD. (F) Extracellular ATP levels from 4T1 cells after different treatments for 12 h (n = 3). (G and H)
Immunofluorescence detection of HMGB-1 (G) and CRT (H) expressed. Cells as observed by CLSM (scale bar = 20 um). (I) Flow cytometric
analysis of DC maturation after 24 h coculture with ICD cancer cells generated through different treatments. (I) PBS; () PFZF NPs; (lll) free Dox;

(IV) PF-Dox NPs; (V) PFZF-Dox NPs.

mitochondrial membranes. Fig. 3B and S231 show the cell
migration assay of 4T1 cells after different formulations,
implying that PFZF-Dox NPs can inhibit cell migration, which
may be mainly attributed to the growth hindrance of high
concentration of zinc.*?

PFZF-Dox NP mediated pyroptosis leads to apparent mito-
chondrial destruction with obvious swelling and blebbing
(Fig. 3C). Moreover, previous studies®** have established that
cleavage of gasdermin D (GSDMD) by inflammatory caspases is
considered a vital step in initiating pyroptosis, leading to the
release of the N-terminal domain of GSDMD (GSDMD-N). This
domain binds to membrane phospholipids and forms pores on
cellular membranes, resulting in cell rupture. Therefore, we
investigated the expression of crucial pyroptosis proteins. As

© 2024 The Author(s). Published by the Royal Society of Chemistry

shown in Fig. 3D, PFZF NPs gave rise to the highest expression
of cleaved caspase-1 and GSDMD, clearly indicating that they
may induce 4T1 cell pyroptosis through the caspase-1/GSDMD
pathway.

Induce immunogenic cell death in vitro

Pyroptosis further promotes massive amounts of inflammatory
molecule release, ultimately achieving antitumor immune
activation. During immunogenic cell death (ICD), tumor cells
release DAMPs, including calreticulin (CRT), adenosine tri-
phosphatase (ATP), and high mobility group box-1 (HMGB-1)
(Fig. 3E). To investigate immune activation, hallmark markers
of immunogenic cell death were evaluated. As depicted in

Chem. Sci., 2024, 15, 17397-17406 | 17401


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03643c

Open Access Article. Published on 23 September 2024. Downloaded on 11/14/2025 4:40:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Fig. 3F, among all the groups, the PFZF-Dox NP treated group
(V) exhibited the most significant release of extracellular ATP,
while the PFZF NP group (II) demonstrated moderate ATP
release. The Zn>* substantially enhanced oxidative stress to
induce immunogenic cell death, as evidenced by the lower
retention of HMGB-1 (Fig. 3G and S24t) in the cell nucleus and
the highest expression levels of CRT (Fig. 3H and S25%), and
thus significant ICD occurred.

Furthermore, the degree of DC maturation was assessed by
culturing 4T1 cells under different treatments and subsequently
co-incubating them with DCs using a transwell system. DCs in
the bottom wells were collected and analyzed using flow
cytometry to examine the expression of co-stimulatory mole-
cules CD80 and CD86, which serve as markers of DC maturation
(Fig. 3I). Compared to the other groups, treatment with PFZF-
Dox NPs significantly elevated the levels of CD80 and CD86,
suggesting that PFZF-Dox NP treatment can stimulate anti-
tumor immune responses by promoting DC maturation.

Visualization of Dox release by ratiometric '°F MRI

Next, the Dox release percentage of PFZF-Dox NPs was investi-
gated by ratiometric '°F MRI in solution. MRI images of PFZF-
Dox NPs were acquired using the appropriate radio frequency
(RF) excitation pulse frequency with a bandwidth of 5000 Hz
(~18 ppm) to cover the resonance frequencies. For proof-of-
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concept, PFZF-Dox NPs were dispersed in pH = 5.0 buffer
solution to simulate the intracellular environment pH. '°F MRI
images of PFZF-Dox NPs suspension under pH 5.0 along with
time are shown in Fig. $26.1 The ratiometric '°F MRI signal
change corresponded with the Dox release rate across the
different time points of the release process, which reached
a plateau at 20 min. Next, PFZF-Dox NPs were dispersed in
buffer at different pH values and then incubated at 37 °C for
20 min before measuring the '°F MRI signal. Fig. 4A shows an
increasing '’F MRI signal at —61 ppm (red channel) and
a constant °F MRI signal at —92 ppm (blue channel), indicating
the strong ratiometric '°F MRI response toward Dox released at
different pH values. Significantly, a good linear relationship
(Fig. 4D, y = 41.9 (£0.8) x - 7.1 (£0.5), R> = 0.99) was observed
between the Dox release profile (Fig. 4C) and the "*F_g;/*°F_o,
ratios (Fig. 4B), suggesting that PFZF-Dox NPs could effectively
self-monitor the Dox release through the simultaneous output
of ratiometric '°F MRI signals.

Encouraged by the promising in vitro performance of ratio-
metric *°F MRI observed in the PFZF-Dox NPs, we explored the
feasibility of utilizing these NPs for stimuli-responsive tumor
imaging. The PFZF-Dox NPs were intratumorally injected at the
tumor site in the tumor-bearing mouse and the corresponding
site of normal tissue in the healthy mouse, respectively (Fig. 4E).
Due to the complexity of in vivo environments, the °F NMR peak
displayed varying degrees of broadening and shifting at different
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Fig. 4 (A) H MRI and *°F MRl images of PFZF NP suspension at different pH values. RF excitation pulse at —61 ppm (red channel) and —92 ppm
(blue channel). (B) The plot of the °F MRI intensity ratio (*°F_¢1/*°F_o,) of PFZF-Dox NPs at different pH. (C) The plot of the Dox release
percentage of PFZF-Dox NPs at different pH. Data are shown as the mean + SD (n = 3). (D) The correlation fitting curve between the Dox release
percentage and the ratiometric signal (*°F_g,/*°F_,). Data are shown as the mean + SD (n = 3). (E) 1°F NMR of healthy and tumor-bearing mice
treated with PFZF-Dox NPs (i.t.) at different times. (F) Corresponding quantitative data of the *°F NMR intensity ratio (*°F_g,/*°F _g,) treated with
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time points. Therefore, monitoring the release status of Dox in
vivo was challenging using a single '°F signal change. In order to
overcome this issue, a ratiometric method was proposed. As
shown in Fig. 4F, the ratiometric signals in the tumor-bearing
mice were higher than those in the healthy mice at 15 minute
time points following the administration of PFZF-Dox NPs.
Afterward, the ratiometric signal of the tumor-bearing mouse
increased obviously at 60 min and gradually decayed at 120 min.

Furthermore, the PFZF NPs were injected at the tumor site
and subcutaneously in the normal tissue of the same mouse.
We counted the "F MRI intensity in tumor and normal tissue
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after 60 min post-injection (Fig. 4G), as well as calculated the
ratios of the '°F MRI intensity of the two channels (—61 ppm
and —92 ppm). As expected, a remarkable ratiometric '°F MRI
signal was observed at the tumor site (Fig. 4H), whereas
a negligible ratiometric '°F MRI signal was acquired in normal
tissue, suggesting that the PFZF-Dox NPs were selectively acti-
vated at the tumor site. By employing quantitative relationships
(Fig. 4D), it is possible to calculate the average percentage of
Dox released in normal tissues to be 4%, whereas the average
percentage of Dox released in tumor tissues is 38%. Addition-
ally, we observe that the highest intensities in the images at

A B 30 I " C
—— —_— —-_—
. . 5 I
Tumor inoculation 2 ‘s
Za —— M W X 1 L.
] e et | e s
Day -7 10 _;18 (LY 4
<. Tumor cell >:/—'53\‘-.- Mice R 12 i Q e oo =
injection ’g- -1 /“Q}. sacrificing
N 0 2_4 6 6 10 VP4 g0
v Time (days)
D G
T . 1607
E600 -—'—" L E120
€400 | - L geo
= ——1ll % 2 40
$200 f——1v ' S oolmmmm |
o f :// 0
g 0} —= =5 45F G2
. 0 2_4 6 8 10 £ 30
E Time (days) k=t
- © 15
2 600+ *% 2
= < I 24 G3
< —
o 400 ?TE' 18
: >
5 200} go12
1S V=2 6
2 o * L
| 1l : o
H ax |
& }:;\/ E ool—— | Distant | ~ . Distant
<z |—u g, ]
n m . E60f—— | £100
Day -7 3 10778, |[— v 2
" L . = 30 «*| = 50
X Tumor cell /-“-\Tumor cell Mice g g
(VA . . v/ S . e o
Y injection (1% injection sacrificing 5 ol : 5 0
6 7 8 9 10 | ] 1l v
K L Time (days)
PBS PFZF NPs PF-Dox NPs PFZF-Dox NPs
Dls‘tant S— §|u5éo1 | Q2 I Q2 | w'ian a2 | n'io1
; 430.037 431 8.02 43034 9.73 430.071
 OPDe » | 'y g
|031‘ 1 IOSHA 103?
I ‘ B S o 9 mZé ' 102:; 10°94 10°4
|D1é |U1€ |D‘j |D1'é
] " S @ 0 o 130 o ls as | s | los Q3
. 1146.50 89.2 | ;11255 662 | 11194 705 | ;11659 72.9
ey iy iy Sy Rt oy oy B e
IV > » Bl S . WDG ‘01 WUQ ‘03 10‘1 |05 WOD |U1 107 |03 104 105 100 104 105 100 ‘01 102 ‘03 10‘1 105

Fig. 5

— CD3

In vivo antitumor efficacy of different administrations for 4T1 tumor-bearing Balb/c mice. (A) Schematic illustration of the administration

design. (B) Body weight changes for mice within ten days. Data are shown as the mean + SD (n = 5). (C) The photograph of tumor excision. The
scale baris 1.0 cm. (D) Tumor volume curves and (E) tumor weight of 4T1 tumor-bearing Balb/c mice after intravenous administrations. Data are
shown as the mean + SD (n = 5); *p < 0.05, **p < 0.01, ***p < 0.001, compared to the PBS group. (F) H&E, TUNEL, and CRT staining of tumor
sections after different treatments. The scale bar is 20 pm. (G) Cytokine TNF-a (G1), IL-6 (G2), and INF-y (G3) levels in peripheral blood serum
after different treatment. (H) Schematic illustration of the treatment of distant tumors. () Tumor volume curves, (J) tumor weight, and (K) tumor
excision photograph of 4T1 tumor-bearing Balb/c mice after intravenous administrations. The scale bar is 1.0 cm. Data are shown as the mean +
SD (n =5); *p < 0.05, compared to the PBS group. (L) Flow cytometric analysis of the populations of CD8+ T cells. (1) PBS; (ll) PFZF NPs; (lll) PF-

Dox NPs; and (IV) PFZF-Dox NPs.
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—61 ppm and —92 ppm come from different anatomical loca-
tions. A possible explanation is that the released 2-((2,2,2-tri-
fluoroethyl) sulfinyl)-1H-imidazole (chemical shift at —61 ppm)
and PFCE (chemical shift at —92 ppm) accumulated in
a different location.

Antitumor effect evaluation in vivo

Considering the excellent in vitro anti-cancer activity and in vivo
imaging performance of PFZF-Dox NPs, we further tested their
in vivo cancer inhibition effect. Tumor-bearing mice were
divided into four groups: (I) PBS; (II) PFZF NPs; (III) PF-Dox NPs;
and (IV) PFZF-Dox NPs, which were treated with three peritu-
moral injections of different administrations (Fig. 5A). More-
over, we performed the '°F MRI at different time points after
peritumoral injections of PFZF-Dox NPs (Fig. S277), and the
ratiometric '°F MRI signal (*°F_q,/*°F_o,) reached peak values
at 9 h. At 10 days after tumor inoculation, there were no
apparent changes in body weight, which suggests that the
nanomaterials displayed good biocompatibility (Fig. 5B). Such
treatment did not cause any toxicity to major organs such as the
heart, liver, lung, and kidney, as demonstrated by the results of
H&E staining (Fig. S287), which further supported the biosafety
of the as-prepared nanoplatforms. The tumor growth state
depicted in Fig. 5C-E revealed that PFZF-Dox NP treatment
resulted in a significant decrease in tumor volume, demon-
strating a pronounced antitumor effect compared to the PBS
group. Furthermore, the PF-Dox NP (III) group (without Zn*>")
displayed a secondary antitumor effect with a noticeable
reduction in tumor growth. This phenomenon could be attrib-
uted to the loaded Dox.

Then, we investigated the impact of PFZF-Dox NPs on tumor
growth suppression using Hematoxylin and Eosin (H&E) and
Terminal Deoxynucleotidyl Transferase mediated dUTP Nick
End Labeling (TUNEL) staining. Fig. 5F demonstrates that
a substantial portion of cancer cells exhibited extensive necrosis
and acellular regions following treatment with PFZF-Dox NPs.
Furthermore, the TUNEL apoptosis assay indicated a higher
occurrence of cellular apoptosis in the PFZF-Dox NP group. As
shown in Fig. 5G, we investigated the in vivo immunostimula-
tion in Balb/c mice with 4T1 tumors following various admin-
istrations. Tumor-bearing mice receiving PFZF-Dox NPs
exhibited the highest levels of TNF-a, IL-6, and INF-y in their
peripheral blood serum on day ten post-injection, surpassing
the levels observed in other groups. This increase was 2-3-fold
higher than that observed in the PBS group. Increased CRT
exposure was also visualized in 4T1 tumors from CRT staining
(Fig. 5F). These results suggested that PFZF-Dox NPs triggered
a strong release of ICD-associated DAMPs by combining Dox
and Zn>" evoked pyroptosis.

To evaluate the antitumor immunity against tumor metas-
tasis, we also conducted experiments in which 4T1 cells were
subcutaneously inoculated into both flanks of the mouse
dorsum, but nanoplatforms were only injected on the right
flank (Fig. 5H). The growth of the distant tumor (left flank) was
monitored on post-injection days 3, 4, 5, 6, and 7. Compared to
control animals (Group I: PBS and Group II: PFZF NPs without
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Dox; Group III: PF-Dox NPs without Zn>*), we found that local
tumor recurrence on the left flank was significantly inhibited by
PFZF-Dox NPs (Fig. 5I-K). Consistent with these results, the
higher infiltration of CD8+ T cells was observed in the distant
tumor of mice treated with PFZF-Dox NPs (Fig. 5L), leading to
decreased tumor size compared to the control groups. There-
fore, PFZF-Dox NPs can protect against the recurrence of distant
tumors. Notably, PFZF NPs (without Dox) also delayed tumor
growth, probably because these NPs could deliver Zn** into
tumor cells, which evoked pyroptosis and improved the
immune response. Taken together, PFZF-Dox NPs demon-
strated great potential in cancer therapy.

Conclusions

In summary, we have successfully developed a multifunctional
theranostic nanoplatform termed PFZF-Dox NPs. This nano-
platform can self-report the release of Dox in real-time through
the ratiometric '°F MRI signal. Notably, there is a consistent
correlation between the ratiometric '’F MRI signals
(**F_¢1/"°F_o,) and the release rate of loaded Dox, regardless of
the concentration of PFZF-Dox NPs. Based on this, the released
Dox was successfully quantified in vivo through ratiometric *°F-
MRI. Moreover, this nanoplatform presented a good tumor
microenvironment-activated drug release performance, which
would effectively minimize side effects. By combining chemo-
therapy with Zn*"-induced pyroptosis, a remarkable therapeutic
efficacy was achieved, substantially reducing the primary tumor
and inhibiting distal tumor growth. This nanoplatform pre-
sented a promising approach for real-time imaging and quan-
tifying in vivo drug release during cancer treatment.
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