International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

TME-Responsive Nanoplatform with Glutathione
Depletion for Enhanced Tumor-Specific Mild
Photothermal/Gene/Ferroptosis Synergistic Therapy

Yuhang Tian', Xiang He®', Yanchi Yuan', Shijie Zhang?, Chunyue Wang@®', Jialin Dong', Zhao Liu',
Hui Jing

'Department of Ultrasound, Harbin Medical University Cancer Hospital, Harbin, 150081, People’s Republic of China; 2Department of Radiation
Oncology, Harbin Medical University Cancer Hospital, Harbin, 150081, People’s Republic of China

Correspondence: Hui Jing, Department of Ultrasound, Harbin Medical University Cancer Hospital, 150 Haping Road, Nangang District, Harbin,
150081, People’s Republic of China, Email jinghuihrb@ 163.com

Background: Triple negative breast cancer (TNBC) is one of the worst prognosis types of breast cancer that urgently needs effective
therapy methods. However, cancer is a complicated disease that usually requires multiple treatment modalities.

Methods: A tumor microenvironment (TME)-responsive PFC/TRIM37@Fe-TA@HA (abbreviated as PTFTH) nanoplatform was
constructed by coating Fe*" and tannic acid (TA) on the surface of TRIM37-siRNA loaded phase-transition perfluorocarbon (PFC)
nanodroplets and further modifying them with hyaluronic acid (HA) to achieve tumor-specific mild photothermal/gene/ferroptosis
synergistic therapy (MPTT/GT/ Ferroptosis) in vitro. Once internalized into tumor cells through CD44 receptor-mediated active
targeting, the HA shell of PTFTH would be preliminarily disassembled by hyaluronidase (HAase) to expose the Fe-TA metal-phenolic
networks (MPNs), which would further degrade in response to an acidic lysosomal environment, leading to HAase/pH dual-responsive
release of Fe*" and PFC/TRIM37.

Results: PTFTH showed good biocompatibility in vitro. On the one hand, the released Fe** could deplete the overexpressed
glutathione (GSH) through redox reactions and produce Fe**, which in turn converts endogenous H,0, into highly cytotoxic hydroxyl
radicals (*OH) for chemodynamic therapy (CDT). On the other hand, the local hyperthermia generated by PTFTH under 808 nm laser
irradiation could not only improve CDT efficacy through accelerating the Fe**-mediated Fenton reaction, but also enhance TRIM37-
siRNA delivery for gene therapy (GT). The consumption of GSH and accumulation of *OH synergistically augmented intracellular
oxidative stress, resulting in substantial tumor cell ferroptosis. Moreover, PTFTH possessed outstanding contrast enhanced ultrasound
(CEUS), photoacoustic imaging (PAI) and magnetic resonance imaging (MRI) ability.

Conclusion: This PTFTH based multiple-mode therapeutic strategy has successfully achieved a synergistic anticancer effect in vitro
and has the potential to be translated into clinical application for tumor therapy in future.
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Introduction
Breast cancer is the most common invasive female tumor and the second leading cause of death." TNBC, with negative
expression of progesterone receptor (PR), estrogen receptor (ER), and human epidermal growth factor receptor 2
(HER2), accounts for about 15%-20% of all breast cancer cases.” Due to extreme aggressive phenotype, high recurrence
rates, high distant metastasis rate, TNBC has extremely poor prognosis.® Due to the lack of targeted therapy, chemother-
apy is the only usable systemic therapy. Even though TNBC patients can benefit from standard chemotherapeutic
regimen, they still face high rates of recurrence and high possibility of drug resistance®. Hence, it is very necessary to
seek a novel therapeutic approach for effective tumor therapy.”’

Ferroptosis is an iron-dependent and non-apoptotic form of programmed cell death characterized by dysregulation of
lipid peroxidation.® Distinguishing itself from apoptosis, necrosis, and autophagy, ferroptosis results in the imbalance of
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oxidation-reduction levels in tumor cells via dysregulated iron accumulation and iron metabolism.” Research shows that
two main mechanisms trigger ferroptosis: (1) direct consuming the cellular antioxidant GSH,'® (2) inhibiting the activity
of Glutathione Peroxidase 4 (GPX4), responsible for reducing lipid oxidation.'""'* With an in-depth understanding of the
mechanism, ferroptosis has been extensively researched as a potential therapeutic strategy to ruin tumors and overcome
the deficiencies of apoptosis-mediated conventional therapies. However, tumor cells possess a special oxidative stress
defense system via endogenous antioxidants, such as GSH. Therefore, it is highly necessary to push the redox balance in
tumor cells towards a more oxidative state for effective tumor treatment.'*'® Recently, augmented oxidative tumor cells
damage has been realized by combining GSH consumption with reactive oxygen species (ROS) generating CDT."”

GT is recognized to be a secure and effective treatment applying exogenous nucleic acids as therapeutic agents, and
has the potential to restrain oncogenes and inhibit the proliferation of tumors.'® 2° Small interfering RNA (siRNA), as an
effective mediator of RNA interference, can mediate posttranscriptional gene silencing. Nevertheless, its therapeutic
efficiency is not entirely satisfactory due to the limitations of naked siRNA, for instance, inferior transfection efficiency,
easy enzymatic degradation, inefficient endosomal escape, and nonspecific biodistribution.?' Therefore, the successful
implementation of GT requires the utilization of delivery vector that can efficiently overcome above biological barriers.

Some researchers have reported that ultrasound targeted microbubble destruction (UTMD) mediated gene delivery
could enhance gene expression, especially when using cationic microbubbles with comparatively high gene carrying
ability and effective endosomal escape.””>® However, microbubbles are usually micron-sized, preventing them from
passing through the gaps of the tumor blood vessels. In addition, with sonication instability and intolerance to physics
distortion, the gas-phase perfluorocarbon microbubbles possess a short circulation time in vivo.”* Hence, PFC nano-
droplets, in which the liquid inside of the nanodroplets vaporizes to gas phase upon ultrasound or laser exposure, were
served as substitution.”> 2’ The PFC nanodroplets keep stable in liquid phase until they are triggered to vaporization for
gene delivery. The triggering of the PFC nanodroplets into gas phase was traditionally implemented using ultrasound
irradiation with a relatively high-pressure amplitude, referred to as acoustic droplet vaporization (ADV).?*2° However,
it’s quite difficult to trigger vaporization by ultrasound due to Laplace pressure of the droplet and the function of surface
stabilizing agents.*® Optically-triggered phase-transition techniques, also known as optical droplet vaporization (ODV),
have been proved to be an effective substitution for activation of PFC nanodroplets, through integration of optical
absorbing substance and the liquid core.”!

Tripartite motif containing protein 37 (TRIM37) has been reported as an oncogenic histone H2A ubiquitin ligase that
is overexpressed in a portion of breast cancers.”” TRIM37 was considered to be associated with chemotherapy resistance
and metastasis of TNBC in vitro and in vivo studies.*® Clinically, TRIM37 over-expression is associated with poor
prognosis. Functionally, high-TRIM37 induces non-transformed breast cells tumorigenic, and inhibition of TRIM37
action decreases tumor growth.*

Herein, we designed a TME-activated and near infrared (NIR)-driven nanoplatform with the ability of providing
a feasible approach for the treatment of TNBC (Scheme 1). In our formulation, The PFC nanodroplets with cationic
charge were selected as the gene carrier to efficiently load TRIM37-siRNA, and then Fe-TA MPNs were coupled into
their surface to form PFC/TRIM37@Fe-TA (abbreviated as PTFT). In order to improve the targeting ability, PTFT was
further decorated with HA, leading to a novel nanoplatform PFC/TRIM37@Fe-TA@HA (abbreviated as PTFTH). Once
injected into tumor-bearing mice through the tail vein, PTFTH could selectively accumulate at tumor sites via the
enhanced permeability and retention (EPR) effect and HA-mediated active targeting. Following endocytosis into tumor
cells, the external HA coating would be firstly disassembled by HAase to reveal the Fe-TA MPNs, which would be
further degraded in answer to an acidic lysosomal environment, resulting in the HAase/pH-triggered release of Fe*" and
PFEC/TRIM37. The released Fe*" could be converted to Fe** by TA and then catalyze endogenously overexpressed H,O,
to generate cytotoxic *OH for CDT and further use up the intracellular GSH. Subsequently, under laser exposure, ODV
mediated gene transfection could enhance TRIM37 delivery and the PFC offer superior ultrasound contrast, once the
liquid core was triggered into gaseous phase. In addition, the Fe-TA MPNs possess the potency of PAI and T;-MRI.**
Meanwhile, the Fe-TA MPNs with excellent photothermal conversion efficiency could effectively convert the NIR light
into heat for mild photothermal therapy (MPTT). Notably, MPTT not only accelerated the Fe®'-mediated Fenton
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Scheme | Schematic illustration of the synthetic procedure of PTFTH and its underlying mechanism for mild photothermal/gene/ferroptosis synergistic therapy.

reaction,®> but also enhanced cellular uptake and accelerated gene release,*® achieving mutually synergistic therapy of
MPTT, CDT and GT.

Materials and Methods
Preparation of the Cationic PFC Nanodroplets

The thin-film hydration and ultrasonic emulsification method were used to prepare the cationic PFC nanodroplets which
were reported in the previous research.>’ Distearoylphospha-tidylcholine (DSPC), 1.2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-(methoxy(polyethylene glycol)-2000 (DSPE-PEG2000) and 3-(N-(N',N’-dimethyl-laminoethane)-
carbamoyl-cholesterol (DC-CHOL) were mixed at a weight ratio of 5:2:2 (See “Materials” for more details). Next, the
mixture was dissolved in chloroform and evaporated on a rotary vacuum evaporator (Shyarong, China) at 50 °C for 2 h to
remove the organic solvent. Then, a lipid film was obtained and hydrated in PBS. Subsequently, 100 pL perfluoropentane
(PFP) was dropped into the lipid film and emulsified using a sonicator with a power of 125 W for 5 min. Finally, the
cationic PFC nanodroplets were harvested after being centrifuged. To prepare fluorescent nanodroplets, 1 mg of
1.1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine perchlorate (Dil) fluorescent dye was added to the lipid solution.
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TRIM37-siRNA Construction

The TRIM37-siRNA was designed and compared with the human genome database (National Center for Biotechnology
Information, NCBI). TRIM37-siRNA labeled by 5-Carboxy fluorescein (FAM) was synthesized by HanBio (Shanghai,
China). Table S1 shows the TRIM37-siRNA sequences.

Preparation of PTFTH

The TRIM37-siRNA loaded PFC complex (PFC/TRIM37) were fabricated by mixing the cationic PFC nanodroplets with
FAM labeled TRIM37-siRNA at different ratios and incubated for 30 min at room temperature to obtain PFC/TRIM37
via electrostatic adsorption. After that, the mixture was centrifuged at 10,000 rpm for 10 min. PFC/TRIM37@Fe-TA was
prepared by dispersing 1 mg of PFC/TRIM37 into 2 mL of ultrapure water and followed by adding TA solution (10 pL,
40 mg/mL) and FeCl; solution (20 pL, 10 mg/mL) under vortex. Subsequently, the solution pH was adjusted to ~7.0
using NaOH solution (0.1 mol/L). The products were centrifuged to acquire PTFT, and rinsed with ultrapure water.
Afterward, the obtained PTFT was added into 5 mL of HA solution and stirred for 8 h. Finally, the as-prepared PTFTH

was purified with ultrapure water, and then sterilized by ®°Co-y radiation and stored at 4 °C for future use.

Estimation of siRNA Attaching to Nanodroplets

siRNA was loaded onto the as-prepared PFC nanodroplets based on electrostatic adsorption. In short, different amounts
(volume ratios of 5:1, 10:1, 15:1, 20:1, 25:1, and 30:1) of the as-synthesized nanodroplets were added to the siRNA
solution and incubated for 30 min. Then, the binding of siRNA to nanodroplets was determined by 2% agarose gel
electrophoresis containing GelRed. To evaluate the release of siRNA from PFC/TRIM37, various volume ratios of PFC/
TRIM37 were synthesized as mentioned above. All the samples were blended with 2% sodium dodecyl sulfate (SDS) and
then electrophoresed on agarose gel after incubation for 10 min at room temperature. To demonstrate the stability of the
loaded siRNA, RNase was added to the as-synthesized PFC/TRIM37 solution and incubated at 37 °C for 1 h. The RNase
was then inactivated with Diethyl pyrocarbonate (DEPC) and incubated for 10 min at room temperature. The mixture
was then treated with SDS to extract undegraded siRNA and analyzed by agarose gel electrophoresis.

The cationic PFC nanodroplets labeled by Dil were blended with FAM-labeled siRNA and incubated for 30 min.
After that, the solution was added to a RNAase-free centrifuge tube and centrifuged at 10000 rpm for 10 min to remove
unbound siRNA. The precipitate obtained by centrifugation was resuspended with ultrapure water. Then, an appropriate
amount of solution was dropped onto a glass slide and covered with a cover glass slide before fluorescence microscope
(Leica, Wetzlar, Germany) observation.

In vitro Fe Release Kinetics

Responsive Fe release from PTFTH was tested under different pHs (6.0 and 7.4) with or without HAase (200 U/mL).
First, PTFTH solution (1 mL, 1.0 mg/mL) was put into a dialysis bag with molecular weight cutoff (MWCO) of 500 Da,
and the bag was placed in 9 mL of corresponding buffer medium. After that, the entire system was kept at 37 °C to
vibrate. Then, 1 mL of the outer phase buffer medium was removed at each scheduled time interval, and measured by
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, Optima 8000), meanwhile the equal volume of
the corresponding buffer medium was added into the outer phase.

Measurement of GSH Consumption

Different concentrations of PTFTH (50, 100, 200 and 400 pg/mL) were dispersed in PBS solution (pH 6.0), followed by
blending with GSH solution (1 mM) and incubated for 2 h at room temperature. After centrifugation, 5.5'-dithiobis
(2-nitrobenzoic acid) (DTNB) solution was added into the supernatant and the absorbance of the compound was recorded
by using UV-vis spectrophotometer (Perkin Elmer, Waltham, MA).
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Detection of *OH Generation

Based on the oxidation of methylene blue (MB), a colorimetric method was used to determine the *OH generation ability
of PTFTH. Briefly, PTFTH was divided into the following four groups: A: 0 mM GSH; B: | mM GSH; C: 2 mM GSH;
D: 2 mM GSH + L. For the first three groups, PTFTH was dispersed into 3 mL of phosphate buffer (pH 6.0) containing
different concentrations of GSH (0, 1, 2 mM) and shaken for 1 h at room temperature. After centrifugation, the
supernatant was blended with MB (10 pug/mL) and H,O, (10 mM) and incubated for 15 min. Then, the UV-vis
spectrophotometer was used to record the absorbance of each compound at 665 nm, and reflect the *OH-induced
degradation of MB. For group D, the difference was that the supernatant was blended with MB and H,0,, combining
with laser (808nm, 1.0 W/cm?, Smin) irradiation. Subsequently, the *OH generation ability of PTFTH was further studied
under different pHs (6.0 and 7.4). PTFTH was similarly dispersed into 3 mL of phosphate buffer with different pHs (6.0
and 7.4) containing MB (10 pg/mL) and H,O, (10 mM), followed by incubation at room temperature for 1 h. Then, the
*OH-induced MB degradation was monitored by UV-vis spectrophotometer. As a contrast, the MB solution and
MB/H,0, mixture solution were also detected under equal conditions.

In vitro Photothermal Test

PTFTH suspensions were added into 96-well plates and their thermal characteristics were measured under 808 nm laser
irradiation at different irradiation intensities (0.5, 1.0, 1.5, and 2.0 W/cmz), with elevated concentrations (50, 100, 200,
and 400 pg/mL) for 10 min. The ultrapure water was used as control under the same conditions. To evaluate the effective
ingredients of photothermal capacities, 200 pL of sample solution of PTFTH, Fe-TA, FeCl;, and TA with equal
concentration was added into 96-well plates and their thermal characteristics were measured under 808 nm laser
irradiation at 2.0 W/cm? for 10 min. The temperature changes at different time intervals were recorded by a NIR camera
(E6, FL-IR Systems, Inc, USA). To test the photothermal stability of PTFTH, PTFTH was exposed to 808 nm laser
irradiation for five heating and cooling cycles.

Gene Transfection Assay in vitro

MDA-MB-231 cells were seeded onto 6-well plates and divided into 6 groups: (1) control, (2) TRIM37-siRNA,
(3) TRIM37-siRNA + L, (4) PFC/TRIM37 + L, (5) PTFT + L, (6) PTFTH + L. For irradiation group, the cells were
subjected to an 808 nm laser (1.0 W/cm?) for 5 min. The cells were then divided into three groups for fluorescence
microscope observation, PCR and Western blot staining, respectively. At 24 h after treatment, the intracellular distribu-
tion of FAM fluorescence was detected by fluorescence microscope.

At 48 h after treatment, the TRIM37-mRNA levels of the MDA-MB-231 cells were evaluated by using real time
quantitative PCR (RT-qPCR). Total RNA was extracted with the high pure RNA isolation kit, and the total RNA was
transcribed into cDNA using the All-in-one First Strand cDNA Synthesis Kit. RT-qPCR was performed with the SYBR
Master Mix. Table S2 shows the primer sequences for TRIM37 and B-actin.

At 72 h after treatment, the MDA-MB-231 cells were collected, lysed, and then proteins were extracted and quantified
by BCA assay. Samples were separated on 12.5% polyacrylamide gel and transferred to a nitrocellulose filter membrane,
which was blocked with 5% skimmed milk and incubated overnight at 4 °C with primary antibodies, including TRIM37
and GAPDH. After washing three times and incubating with the secondary antibodies, the protein bands were observed
using enhanced chemiluminescence detection. Quantitative analysis of protein was carried out using ImageJ software.

Cellular Uptake Assay

The cellular uptake of different nanocomplexes in MDA-MB-231 cells or MCF-10A cells were checked to investigate the
targeting ability of HA-coated nanocomplexes. MDA-MB-231 cells or MCF-10A cells were seeded onto 24 well plates at
a density of 10° cells per well and incubated for 24 h. After that, the culture medium in each well was substituted with
fresh medium containing Dil-labeled PTFT or Dil-labeled PTFTH, and incubated for 4 h. Then, the culture medium was
taken out and cells were washed with PBS for three times, and stained with DAPI for 15 min before fluorescence
microscope observation.
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Evaluation of Lysosomal Escape Capability

MDA-MB-231 cells were planted into confocal dishes at a density of 10° cells per dish and cultured for 24
h. Subsequently, the culture medium was replaced by fresh medium containing FAM-labeled PTFTH. After incubation
for various time intervals (1 and 4 h), the cells were washed with PBS for three times and dyed with LysoTracker Red for
20 min. Next, the cells were fixed in 4% paraformaldehyde and incubated with DAPI for nucleus staining. The
fluorescence images were visualized by confocal laser scanning microscopy (CLSM, Carl Zeiss LSM 700, Jena,
Germany), and the co-localization analysis was achieved using ImagelJ software.

Intracellular GSH, GPX4, and MDA Assay

MDA-MB-231 cells in 6 well plates (5 x 10> cells per well) were cultured overnight and treated with (1) Control, (2)
PFC/TRIM37, (3) Fe-TA, (4) PTFT, (5) PTFTH, and (6) PTFTH + L for 4 h. For irradiation group, the cells were then
subjected to an 808 nm laser (1.0 W/cm?) for 5 min. After another incubation for 8 h, the GSH amount was monitored
using GSH and GSSG Assay Kit; the GPX4 activity was evaluated using Glutathione peroxidase assay Kkit; the
Malondialdehyde (MDA) amount was measured using MDA assay kit. In addition, BCA protein assay kit was used to
assay the protein concentration of cellular samples.

Intracellular Free Radical Measurement

MDA-MB-231 cells were seeded onto 24-well plates (10° cells per well) and cultured for 24 h. Subsequently, these cells
were subjected to the equal treatment as described in the GSH Assay and dyed with 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) for 30 min. Finally, the fluorescence of DCF was analyzed by fluorescence microscope.

Cell Cytotoxicity Assay
CCK-8 assay was used to investigate the cytotoxicity of different nanocomplexes. First of all, to evaluate the effect of
CDT induced by Fe-TA and GT induced by TRIM37-siRNA on breast cancer cells or breast normal cells, MDA-MB-231
cells or MCF-10A cells were seeded onto 96 well plates at a density of 10* cells per well and incubated for 24 h. Next,
the culture medium for each well was replaced with fresh medium containing PTFT or PTFTH at different concentrations
(50, 100, 200, and 400 pg/mL, respectively) and incubated for another 24 h. After that, the cells were washed with PBS
for three times and incubated with 100 pL serum-free medium containing 10 pL. CCK-8 for 1 h. At last, the absorbance
of each well at 450 nm was measured by a microplate reader (Promega Corp, Madison, WI, USA).

Subsequently, to test the therapeutic efficacy of TRIM37-siRNA induced GT and the cooperative effect of Fe-TA and
TRIM37-siRNA, the cytotoxicity of PFC/TRIM37, Fe-TA, PTFT, PTFTH, and PTFTH + L was evaluated through CCK-8
assay as described above (n = 3). For irradiation group, the cells were exposed to an 808 nm laser (1.0 W/ecm?) for 5 min.

Live/Dead Cell Staining Assay

MDA-MB-231 cells in 24 well plates (10° cells per well) were cultured overnight and treated with (1) Control, (2) PFC/
TRIM37, (3) Fe-TA, (4) PTFT, (5) PTFTH, and (6) PTFTH + L for 4 h. For irradiation group, the cells were then
subjected to an 808 nm laser (1.0 W/cm?) for 5 min. After incubating for 20 h, the cells were stained with Calcein-AM
and propidium iodide (PI). Finally, the cells were washed with PBS for three times and observed by fluorescence
microscope.

In vitro Multi-Mode Imaging Capability
An agar gel mold was applied to evaluate the function of PTFTH as an ultrasound contrast agent in vitro. The ultrasound
images of PTFTH at various concentrations (100, 200, 300, 400 and 500 pg/mL) were investigated in the contrast-mode
using Resona R9 (Mindray, China). After PTFTH was exposed to 808nm laser at 1W/cm?” for 5Smin, CEUS images were
captured for different groups.

To study PAI property of PTFTH, PTFTH with different concentrations ranging from 25 pg/mL to 150 pg/mL were
investigated using a Vivo LAZR photoacoustic (PA) imaging system (VisualSonics, Toronto, Canada).
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T;-weighted imaging in vitro was conducted on a Bruker BioSpec 9.4T MR scanner (Bruker, Ettlingen, Germany).
For in vitro imaging, different concentrations of PTFTH were prepared and sealed in centrifuge tubes for test.
Concentration of Fe element was determined by ICP.

Statistical Analysis
All data were expressed as mean + standard deviation (SD). The data were analyzed using SPSS 20.0 software. A one-way
ANOVA was applied to analyze the significance among groups’ data (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001).

Results and Discussion
Preparation and Characterization of PTFTH

The cationic PFC nanodroplets were first prepared via thin-film hydration and ultrasonic emulsification method.?” Then,
TRIM37-siRNA labeled by FAM was linked via electrostatic adsorption. The most critical factors to consider when
preparing a siRNA delivery system are the binding ability, stability, and release of siRNA. In order to evaluate the
binding affinity of siRNA to the cationic PFC nanodroplets, agarose gel electrophoresis was performed using nanodro-
plets and siRNA at various volume ratios (5:1 to 30:1). The migration of PFC/TRIM37 was prevented at volume ratios
higher than 25 (Figure 1d), indicating that the binding between the vector and the siRNA was powerful enough to resist
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Figure | (a) TEM image of PTFTH, (b) size distributions and (c) Zeta potentials of PFC, PFC/TRIM37, PTFT, and PTFTH. (d) Agarose gel retardation assay of PFC/TRIM37
complexes under various volume ratios (5:1, 10:1, I15:1, 20:1, 25:1, and 30:1). (e) UV-vis absorption spectra of PFC, PFC/TRIM37, Fe-TA complex, PTFT, and PTFTH.
(f) Accumulated release profiles of Fe from PTFTH under different conditions. (g) GSH depletion by different concentrations of PTFTH at pH 6.0. (h and i) UV-vis
absorption spectra of MB after treatment with different samples (MB: 10 pg/mL, H,O,: 10 mM).
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dissociation during electrophoresis. Hence, a volume ratio of 25:1 was selected for further experiments. The stability and
release of PFC/TRIM37 complexes were then assessed by RNAse digestion followed by SDS substitution. The SDS
treatment leads to the release of siRNA from the PFC/TRIM37 (Figure Sla). In Figure S1b, the band for naked siRNA
sample is lost, demonstrating that the siRNA was degraded by the RNAse. On the contrary, the PFC/TRIM37 complexes
show visible bands, indicating that the siRNA was protected from degradation due to association with the carrier.
Subsequently, fluorescence microscope images of PFC/TRIM37 showed that the TRIM37-siRNA was labeled by FAM
with green fluorescence and the lipid membrane of PFC was stained with red fluorescence (Figure S2). The wide overlap

of red and green fluorescence proves the successful attachment between the TRIM37-siRNA and the PFC nanodroplets.

TA, a familiar natural polyphenol with multiple chelation ability, can coordinate with various metal irons into a three-
dimensional network within a few seconds. Using PFC/TRIM37 as a template, TA and Fe®" aqueous solution was
sequentially added into the PFC/TRIM37 solution to form the Fe-TA MPNs on the surface of template followed by pH
neutralization. A black color suspension appeared after the addition of TA and Fe®* aqueous solution, while an ivory-
white color in the suspension of PFC/TRIM37 (Figure S3). The instant change in appearance indicates the complexation
between TA and Fe** aqueous solution, forming a shell enclosing the PFC/TRIM37. To further verify the coating results,
UV-vis absorption spectra were performed to detect the Fe-TA MPNs. In comparison to PFC and PFC/TRIM37,
characteristic absorbance peaks at around 560-600 nm in both Fe-TA complex, PTFT, and PTFTH were observed
(Figure le), indicating the success formation of the Fe-TA MPNs.*® Inductively coupled plasma (ICP) indicated that the
Fe encapsulation efficiency was 41.2%. Eventually, HA as the tumor-targeting section was modified on the surface of
PTFT to produce the final PTFTH. Transmission electron microscopy (TEM) images (Figures la and S4) presented the
spherical morphology of PFC, PFC/TRIM37, PTFT and PTFTH. The stepwise synthesis process of PTFTH was
confirmed by zeta potential analysis. As shown in Figure lc, the initial zeta potential of PFC was +48.1 mV because
of the existence of positively charged DC-CHOL, and ulteriorly reduced to +40.6 mV due to the connection of negatively
charged siRNA. After coating with the Fe-TA MPNs, the zeta potential of PTFT adjusted to +31.9 mV and ultimately
decreased to +18.7 mV after HA adhesion, indicating the successful attachment of carboxyl-containing HA. In addition,
the results of dynamic light scattering (DLS) revealed a rational increase in the average particle size from 384.1 nm for
PFC to 438.2 nm for PTFTH (Figure 1b). Such a size around 438 nm was more than enough for PTFTH to pass through
the endothelial cell and locate at the tumor site. Besides, the particle size of PTFTH in PBS barely changed during the 9
days, further manifesting the excellent stability of PTFTH for potential biomedical applications (Figure S5). Furthermore,
Figure S6 show the morphology characteristics of PTFTH before and after laser irradiation. It can be seen that the size of
some PTFTH nanoparticles significantly increased after laser irradiation owing to the PFP liquid-gas phase transition.
These findings lay foundation for the further use of PTFTH in CEUS imaging applications.

To validate whether Fe*" could be released from PTFTH as a result of TME-specific stimulation, the biodegradation
behavior of PTFTH with or without HAase at different pHs (6.0 and 7.4) was tested. As displayed in Figure 1f, negligible
release of Fe® " was observed in the presence or absence of HAase at pH 7.4. Contrastingly, the cumulative release of Fe*" at
pH 6.0 reached 40.2% after 24 h and further significantly increased to 60% with the addition of HAase, which may be
attributed to the accelerated pH-induced degradation of the Fe-TA MPNs following HAase-mediated HA disassembly, thus
facilitating the diffusion of Fe*".

Since the released Fe*" could be converted into Fe** by GSH, the capacity of PTFTH to consume GSH was first
detected via DTNB method, which could react with GSH to form the yellow TNB. As exhibited in Figure 1g, the
absorbance peak of TNB at 412 nm declined gradually with the increasing concentration of PTFTH, suggesting that the
GSH was effectively depleted by PTFTH. Inspired by the fact that the Fe*" could catalyze H,O, to generate *OH via
Fenton reaction, we subsequently evaluated the *OH generation capacity of PTFTH by using MB as an indicator.
Compared with the MB and “MB + H,0,” groups, the absorbance of MB decreased after incubation with PTFTH and
H,0, at pH 6.0, indicating the generation of *OH (Figure 1h). Due to the finite release of Fe®" in a neutral environment,
there was only a slight decrease in the MB absorbance after the same treatment at pH 7.4. As illustrated in Figure 1i, the
degradation of MB was facilitated with the GSH concentration increasing from 0 to 2 mM at pH 6.0. Surprisingly, the
degradation of MB was ulteriorly enhanced with the GSH concentration of 2 mM when exposed to laser irradiation.
Perhaps it can be explained by previous reports, when the temperature increases from 20 °C to 50 °C, Fenton reaction
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rate is increased by up to 4-fold.*>***° This also proved the great potential of combining photothermal effect with ROS
generated by Fenton reaction for synergistic cancer therapy.

Photothermal Performance

A characteristic feature of PTFTH was their thermal effect under the NIR irradiation, which could be used to achieve
mild photothermal therapy. The PTFTH dispersions at the various concentrations were continuously irradiated with 808
nm laser for 10 min. The photothermal curves reflected a concentration-dependent and time-dependent manner
(Figure 2a). Following 10 min exposure with elevated laser power from 0.5 to 2.0 W/cm?, the temperature rose from
37.2 °C to 67.4 °C. Moreover, the temperature increase could be finely enhanced with increased power intensity
(Figure 2b). Meanwhile, photothermal imaging performance of various PTFTH concentrations and different laser
power intensities were also presented (Figure 2g and h). These results provided convincing evidence that PTFTH
could act as an efficient photothermal material for the ablation of the tumor. The photothermal performance of PTFTH
encouraged us to further study the heating properties of various components, including PTFTH, TA solution, Fecly
solution and Fe-TA complex solution at the same concentration. Only PTFTH and Fe-TA showed a significant increase in
temperature, contrary to the negligible variation for the other two groups (Figure 2c). Based on above results, we can
speculate that the photothermal effect of PTFTH is strongly correlated with the formation of the Fe-TA MPNs.
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Figure 2 (a) Photothermal curves of PTFTH with 808 nm laser irradiation (2.0 W/cm?, 10 min) at different concentrations (50, 100, 200, and 400 pg/mL). (b) Photothermal
curves of PTFTH dispersed in aqueous solution irradiated with increased power densities (0.5, 1.0, 1.5 and 2.0 W/cmz). (c) Photothermal curves of the aqueous dispersion
of PTFTH, Fe-TA, TA, and Fecl;. (d) Five heating and cooling cycles of PTFTH aqueous dispersion under 808 nm laser irradiation at the power intensity of 2.0 W/cm?.
(e) The temperature changes of PTFTH aqueous solution (400 pg/mL) under laser irradiation (808 nm, 2 W/cmz) followed by the cooling period for 600 s. (f) The time

constant for heat transfer obtained from the cooling curves. (g) Infrared thermal images with different concentrations of PTFTH in vitro. (h) Infrared thermal images with
different laser power densities in vitro.
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Furthermore, there was no significant attenuation on the photothermal effect of DFTNPs during five heating—cooling
cycles, indicating satisfactory photothermal stability (Figure 2d).

Notably, the photothermal conversion efficiency (1) of PTFTH was calculated to be 36.6% (Figure 2e and f), which
was much higher than previous reports,*' ™ suggesting that PTFTH could effectively convert the NIR laser energy into

local heat for tumor treatment.

Gene Transfection in vitro

The transfection of siRNA was detected by fluorescence microscope. As shown in Figure 3a, there was no fluorescence in
the control, TRIM37-siRNA, and “TRIM37-siRNA + L” groups, indicating that naked siRNA could not enter into tumor
cells. While a few green fluorescence was found in the “PFC/TRIM37 + L” and “PTFT + L” groups, perhaps due to the
mechanisms that the cationic PFC nanodroplets could guarantee siRNA loading capacity and laser irradiation could
reversibly increase membrane permeability. In contrast, the green fluorescence in the “PTFTH + L” group was ulteriorly
enhanced, which was ascribed to the active targeting of PTFTH to MDA-MB-231 cells. Furthermore, we also
investigated the TRIM37 gene and protein expression in different groups by using RT-qPCR and Western blot (WB).
The RT-qPCR and WB analyses indicate that the “PTFTH + L” group presented the least TRIM37 RNA and protein
expression (Figure 3b and c). On the basis of the above results, the PTFTH could significantly enhance gene transfection
upon laser irradiation.

Ultrasound targeted microbubble destruction (UTMD) mediated gene transfection has gained extensive attention in
recent years.**** The cavitation effect is considered the main effect of ultrasound that can be helpful in the process of
gene delivery.*® Cavitation is caused by microbubbles in response to acoustic excitation, and it could create strong shear
pressure to enhance the cell permeability of tumor tissue, which can facilitate drugs or gene to enter cells through
endocytosis.*’ In our study, when PTFTH arrived at the tumor sites, they were converted into micron-sized gas bubbles
under laser exposure. The gas bubbles were then collapsed and produced cavitation effect to enhance cell permeability,
similar to the principle of UTMD. All in all, the mechanism involved in laser irradiation mediated gene transfection was

complicated. Further experiments are needed to elucidate the relevant mechanisms.

Cellular Uptake and Synergistic MPTT/GT/Ferroptosis in vitro

Considering the specific binding of HA with CD44 receptors overexpressed on the surface of tumor cells, the cellular
uptake behaviors of PTFTH and PTFT in MDA-MB-231 cells and MCF-10A cells were respectively assessed by
fluorescence microscope. As shown in Figure 4a, the PTFTH and PTFT were labeled by Dil with red fluorescence,
and the nucleus of MDA-MB-231 and MCF-10A cells were stained with blue fluorescence. The wide overlap of red and
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Figure 3 (a) Fluorescence images of MDA-MB-231 cells after transfection with FAM-labeled TRIM37-siRNA under different treatment conditions (scale bar: 100 pum).
(b) RT-gPCR analysis of the expression levels of TRIM37. (c) Western blot of expression of TRIM37 in MDA-MB-231 cells. (I: Control, Il: TRIM37-siRNA, Ill: TRIM37-siRNA + L,
IV: PFC/TRIM37 + L, V: PTFT + L, VI: PTFTH + L. Data were presented as mean * s.d. (n = 3). ***p < 0.0001.
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Figure 4 (a) Fluorescence images of cellular internalization of Dil-labeled PTFT and PTFTH for MDA-MB-231 cells or MCF-10A cells (scale bar: 100 um). (b) CLSM
images and co-localization analyses between FAM-labeled PTFTH and lysosome at different time intervals (scale bar: 5 pm). (c-e) GSH, GPX4, and MDA levels in
MDA-MB-231 cells under different treatment conditions. (ff DCFH-DA determination of intracellular ROS generation in MDA-MB-231 cells after incubation with
different samples (scale bar: 100 pum). (g) Viability of MDA-MB-231 cells after treated with PTFT or PTFTH at different concentrations. (h) Viability of MCF-10A cells
after treated with PTFT or PTFTH at different concentrations. (i) Viability of MDA-MB-231 cells subjected to various treatments. (j) Live/dead cell images of MDA-MB
-231 cells treated with different samples (scale bar: 100 um). (I: Control, Il: PFC/TRIM37, Ill: Fe-TA, IV: PTFT, V: PTFTH, VI: PTFTH + L. Data were presented as
mean * s.d. (n = 3). *p < 0.05, *p < 0.01, ¥**p < 0.001, **p < 0.0001.

blue fluorescence was observed in MDA-MB-231 cells with PTFTH incubation, opposite to the negligible overlap for the
other three groups, verifying the effective uptake of PTFTH by MDA-MB-231 cells. Subsequently, to evaluate the

lysosomal escape capability of PTFTH, the treated MDA-MB-231 cells were stained with LysoTracker Red. With the
increase of the incubation time from 1 h to 4 h, the trend of the green fluorescence of FAM-labeled PTFTH and the red
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fluorescence of Lyso-Tracker became inconsistent (Figure 4b), indicating the successful lysosomal escape of PTFTH
through the traditional “proton-sponge effect”. These results implied that PTFTH could specifically enter into tumor cells
via CD44 receptor-mediated endocytosis followed by fast escape from acidic lysosomes to release Fe’" and PFC/
TRIM37, which was vital for tumor treatment.

Since the released Fe*>* could be converted into Fe*" by excess GSH in the TME, we measured the level of intracellular
GSH after different treatments. Compared with the PFC/TRIM37 group, an obvious decrease in GSH level was shown in
the PTFT group, which illustrated the GSH depletion capacity by Fe’" and the sustained Fenton reaction. In contrast, the
PTFTH group was further lower, which was ascribed to the HA-mediated targeting. The GSH depletion capacity was
further enhanced in the “PTFTH + L” group, relying on the promotion of the photothermal effect (Figure 4c). GPX4, as
a kind of cellular antioxidant enzyme, plays a critical role in lipid redox system. The inadequate supply of GSH directly
influenced the activity of GPX4 since GSH is the requisite substrate of GPX4. As shown in Figure 4d, the variation
tendency of GPX4 activity in different treated groups was consistent with that of the GSH level. The severe consumption of
GSH would destroy the intracellular redox balance and result in the accumulation of excessive ROS. Under this condition,
the peroxidation of polyunsaturated fatty acids could form lipid peroxides, leading to ferroptosis. As a final reaction product
between free radicals and polyunsaturated fatty acids, malondialdehyde (MDA) could directly reflect the intracellular
oxidative stress level. As shown in Figure 4e, cells incubated with PTFTH showed a significantly increased MDA content,
which could be further enhanced by photothermal treatment. Besides, 2.7-dichlorofluorescin diacetate (DCFH-DA) was
employed to determine the generation of intracellular ROS. As displayed in Figure 4f, no fluorescence was detected in the
control and PFC/TRIM37 groups, while a small amount of green fluorescence was found in the Fe-TA and PTFT groups,
implying the generation of ROS through Fe?"-mediated Fenton reaction. In contrast, the green fluorescence in the PTFTH
group was furtherly enhanced, which was ascribed to the tumor targeting capability of HA. As expected, the cells treated
with “PTFTH + L” showed the strongest green fluorescence in comparison with other groups, which was caused by
photothermal-triggered ROS generation. In a word, the PTFTH can generate ROS, deplete GSH, inhibit GPX4 activity, and
result in the accumulation of lipid peroxides, leading to the tumor cells death through ferroptosis pathway.

To investigate the biosafety of PTFTH, we examined the viabilities of tumor cells (MDA-MB-231 cells) and normal
cells (MCF-10A cells) after treatment with PTFTH via CCK-8 assay. As shown in Figure 4g, PTFT and PTFTH displayed
slight cytotoxicity to MDA-MB-231 cells with the increase of nanocomplexes concentration, which may be attributed to the
GT effect mediated by TRIM37-siRNA and the CDT effect induced by Fe*". Apparently, PTFTH exhibited much higher
cytotoxicity than that of PTFT at the same nanocomplexes concentration, likely due to the HA-mediated targeting to enable
enhanced cellular uptake of the nanocomplexes. On the contrary, the viability of MCF-10A cells does not significantly
decline in the studied nanocomplexes concentration range under the same conditions, indicating that the PTFT or PTFTH do
not induce GT and CDT with a low concentration of H,O, in normal cells (Figure 4h).

Subsequently, the multi-mode therapeutic effect of PTFTH was verified with the MDA-MB-231 cells. As shown in
Figure 4i, PFC/TRIM37 decreased the cell viability to about 85%, indicating the occurrence of GT. Besides, Fe-TA
decreased the cell viability to about 81%, demonstrating that there was CDT through Fe®'-mediated Fenton reaction.
Moreover, the therapeutic effect of PTFT was more robust, and the cell survival rate was reduced to about 72%,
indicating that PTFT could induce efficient cell death through GT and CDT. The cell viability in PTFTH group was
ulteriorly reduced to 57%, depending on HA-mediated active targeting. The best therapeutic effect of PTFTH under the
NIR laser irradiation demonstrated the mutually synergistic effect of PTT, CDT and GT. Furthermore, the multi-mode
therapeutic effect of PTFTH under NIR laser irradiation was investigated by fluorescent live/dead cell staining. The
results were consistent with the cell viability assay, which displayed the enhanced therapeutic effect with the treatment of
PTFTH under NIR laser irradiation (Figure 4j).

Multi-Mode Imaging Capability in vitro

Firstly, the CEUS imaging of PTFTH was investigated. Obvious ultrasonic contrast enhancement was observed in the
PTFTH group with various concentrations after laser irradiation (Figure 5a). The PFP liquid-gas phase transition was
triggered by the Fe-TA MPNs absorbed light energy, which could provide an explanation for above finding. We
quantitatively evaluated the gray scale intensity in the CEUS imaging at different concentrations of PTFTH using
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Figure 5 (a and b) In vitro CEUS imaging intensities of PTFTH with different concentrations. (c and d) In vitro PA intensities of PTFTH with various concentrations. (e and f)
In vitro T,-weighted images of PTFTH with different concentrations and the corresponding T, relaxation rate (r)).

Imagel] software (Figure 5b). The results show that the gray scale intensity rose with the increase of PTFTH
concentrations.

Subsequently, the PAI capability of PTFTH was explored. The dispersion of PTFTH was subjected to the full
wavelength laser scanning (680-970 nm) under the PAI system. It was found that the wavelength at 700-755 nm was
the optical biological window for PAI (Figure S7). Considering that longer wavelengths had higher tissue penetrating
capability, the PAI was excited and evaluated at 755 nm. Moreover, the photoacoustic signal enhanced proportionally to the
increased PTFTH concentrations ranging from 25 pg/mL to 150 pg/mL at 755 nm laser excitation (Figure 5c and d).

Finally, the MRI property of PTFTH was studied. The signal intensity of T;-weighted MRI was significantly
strengthened when the concentration of Fe increased (Figure Se). Moreover, PTFTH gave the T; relaxation rate (r)
of 4.12 mM ' s™! (Figure 5f), comparable to that of clinically available Gd-based T, contrast agents.*® These results
of in vitro experiments show that PTFTH could act as a great contrast agent for high-performance CEUS, PAI
and MRI.

Study Limitations

Although satisfactory results have been achieved in vitro, there are still many obstacles to overcome. Firstly, RNA
interference technology cannot permanently knock out genes, and thus repeated administration is necessary in vivo,
increasing the risk of adverse side effects. In addition, the simplified conditions in vitro could not truly mimic the
microenvironment in vivo and the behavior of particles migration may be different. Therefore, further exploration is

needed for the application in vivo.
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Conclusion

In summary, we developed a TME-activated and NIR-driven PTFTH nanoplatform by coating the Fe-TA MPNs on the
surface of TRIM37-siRNA loaded PFC nanodroplets and further modifying them with HA for tumor-specific MPTT/GT/
Ferroptosis synergistic therapy in vitro. The modification of HA effectively increased the uptake of PTFTH by tumor
cells via CD44 receptor-mediated endocytosis. In addition, both HA coating and Fe-TA MPNs acted as guards to avoid
the premature release of siRNA, contributing to the HAase/pH dual-responsive release of Fe>* and siRNA at tumor sites.
The released Fe*" could be converted to Fe** by intracellular GSH, which then converted endogenous H,O, into toxic
*OH for CDT. Benefiting from the excellent photothermal conversion efficiency (36.6%), PTFTH could serve as an
effective photothermal agent for MPTT. Meanwhile, the generated local hyperthermia not only enhanced CDT efficacy
via accelerating the Fe*"-mediated Fenton reaction but also accelerated siRNA release for GT. The depletion of GSH and
accumulation of *OH synergistically enhanced intracellular oxidative stress, inducing extensive tumor cell ferroptosis.
Moreover, as excellent CEUS, PAI, and MRI multimodal contrast agents, PTFTH acted as multifunctional theranostic
agents could achieve multimodal imaging guidance for synergistic MPTT/GT/Ferroptosis strategy. Taken together,
PTFTH is a promising tool for future clinical cancer therapy.
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