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Dual-stimuli responsive smart nanoprobe =

for precise diagnosis and synergistic
multi-modalities therapy of superficial
squamous cell carcinoma
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Abstract

Background: Although the promising advancements of current therapeutic approaches is available for the squa-
mous cell carcinoma (SCC) patients, the clinical treatment of SCC still faces many difficulties. The surgical irreparable
disfigurement and the postoperative wound infection largely hamper the recovery, and the chemo/radiotherapy
leads to toxic side effects.

Results: Herein, a novel pH/Hyaluronidase (HAase) dual-stimuli triggered smart nanoprobe Fe"TA@HA has been
designed through the biomineralization of Fe** and polyphenol tannic acid (TA) under the control of hyaluronic acid
(HA) matrix. With the HA residues on the outer surface, Fe'"TA@HA nanoprobes can specifically target the SCC cells
through the over-expressed CD44, and accumulate in the carcinoma region after intravenously administration. The
abundant HAase in carcinoma microenvironment will trigger the degradation of HA molecules, thereby exposing the
Fe!'TA complex. After ingesting by tumor cells via CD44 mediated endocytosis, the acidic lysosomal condition will fur-
ther trigger the protonation of TA molecules, finally leading to the Fe** release of nanoprobe, and inducing a hybrid
ferroptosis/apoptosis of tumor cells through peroxidase activity and glutathione depletion. In addition, Owing to the
outstanding T, magnetic resonance imaging (MRI) performance and phototermal conversion efficiency of nano-
probes, the MRI-guided photothermal therapy (PTT) can be also combined to complement the Fe**-induced cancer
therapy. Meanwhile, it was also found that the nanoprobes can promote the recruitment of CD41 and CD8™ T cells to
inhibit the tumor growth through the cytokines secretion. In addition, the Fe'"TA@HA nanoprobes can be eliminated
from the body and no obvious adverse side effect can be found in histological analysis, which confirmed the biosafety
of them.

Conclusion: The current Fe""TA@HA nanoprobe has huge potential in clinical translation in the field of precise diag-

nosis and intelligent synergistic therapy of superficial SCC. This strategy will promisingly avoid the surgical defects,
and reduce the systemic side effect of traditional chemotherapy, paving a new way for the future SCC treatment.
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Background

Head and neck cancers are a heterogeneous type of
tumors, involving the oral cavity, pharynx, larynx, sinus
cavities, orbit, and other related structures like the skin.
Owing to a great percentage of these cancers display
squamous cell histology, they are referred as squamous
cell carcinoma (SCC) [1-4]. Although the current thera-
peutic approaches of theses cancers take advantage of
sophisticated modalities of therapies, the clinical treat-
ment of SCC still faced many difficulties. Owing to the
complex anatomy of the head and neck, the complicated
multiple procedures of the resection surgery may lead to
irreparable disfigurement, and the surgical reconstruc-
tion is also a formidable challenge [5-7]. More seriously,
the surgical wound is readily contaminated from the oral
cavity during the operation, leading to the postoperative
wound infection, which is a significant impediment to
head and neck SCC recovery [8, 9]. Although the preop-
erative chemo/radiotherapies have been adopted to com-
bine with surgical operation in order to shrink the tumor
and minimize the operative trauma [10], the severe side
effects of them cannot be avoided, which even subse-
quently reduce the postoperative tolerance of patients
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[11, 12]. Therefore, new treatment strategy of SCC that
can not only eradicate the tumor cells but also exhibit a
higher safety features is much needed to replace the con-
ventional chemo/radiotherapies.

Apart from the above treatment strategies, because
SCC usually occurs in the superficial epidermis or skin
appendages, photothermal therapy (PTT) offers a new
therapeutic approach for SCC patients, which has higher
compliance than the invasive surgery and lower side
effects compared with traditional chemo/radiotherapy
[13, 14]. In clinical, PTT has been used as a supplement
to the present therapeutic approaches of several types of
SCC [15]. However, despite the improvements reported
before, the appropriate photothermal agent that can
not only specifically target but also effectively ablate the
tumor cells is still much needed to enhance the efficacy
of PTT.

Over the past two decades, a variety of functional nano-
materials have been designed and synthesized to realize
the effective cancer diagnosis and treatments [16-20].
Nevertheless, the clinical applications of these nanomed-
icine still face the biosafety challenges and toxicity con-
cerns because the bio-distributions of the nanomedicine
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are not confined only to tumors, i.e., a subset of nano-
medicine will be inevitably distributed in healthy organs,
and indiscriminately attack the healthy cells [21-24].

To address this issue, the concept of stimulus-respon-
sive nanomaterials has been proposed. Such nanomate-
rials can be activated to exhibit therapeutic efficacy only
in the tumor tissues under the stimulation of specific
tumor pathological hallmarks, while remaining “silent”
in normal tissues to ensure biosafety features [25-29].
For example, in our previous studies, a type of nano-
probes have been developed, which can specifically tar-
get the triple-negative breast cancer, be triggered by the
acidic microenvironment, and responsively release the
Fe®" only in tumor tissues to realize a safer tumor treat-
ment [30]. In another study, Gu and coworkers have
developed an ultra-thin and colloidally stable nanosheet
with ultra-high 734% doxorubicin loading capacity. The
doxorubicin in such nanosheet remains stable under the
physiological pH condition, while showing sustained
release behavior in the acidic tumor microenvironment
and the lysosomes, which possesses superior therapeutic
effect of tumor, and minimizes the systemic toxicity as
well [31]. Undoubtedly, these smart strategies are prom-
isingly to overcome the toxicity concerns of traditional
nanomaterials. Nevertheless, these types of smart thera-
nostic nanomaterials controlled by a single stimulus are
still encountered with the limitation of each stimulation,
and may not be reliable enough, because the physiologi-
cal environments of healthy tissues are very complicated,
which may lead to unanticipated and accidental activa-
tion of nanomaterials. For example, the acidic feature is
not specific to the tumor microenvironment. The infec-
tious sites also possess the acidic environment due to the
accumulation of lactate [32], which may also trigger the
release of the Ht-responsive nanomaterials and lead to
the undesired toxicity [33]. To overcome this limitation,
smarter nanomaterials with multiple-stimuli responsive
capability should be exploited, which can be triggered
only when the two or more stimuli of tumor hallmarks
work together. Through the multi-stimuli responsive
strategy, the tumor treatment specificity of nanomateri-
als will be largely enhanced and, more importantly, the
unexpected accidental activation of them in normal tis-
sues can be much minimized. Beneficial from these mer-
its, it can be reasonably speculated that the multi-stimuli
responsive strategy may be a feasible approach for over-
coming the aforementioned clinical challenges of SCC
treatment.

On the basis of recent studies, hyaluronic acid (HA)
molecules can not only specifically anchor to CD44
receptor and its different variant isoforms that over-
expresses on most types of SCC cells [34—36], but also
be degraded into low-molecular-weight fragments by
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the tumor-associated hyaluronidase (HAase) which
abundantly distributes in SCC tumor microenvironment
(TME) [37]. Therefore, in the CD44-HA-HAase sys-
tem, HA can be serve as not only a target molecule for
SCC, but also a stimuli-triggered moiety for nanomate-
rials design. Through making use of this, in this work, a
novel pH/HAase dual-stimuli triggered smart nanoprobe
Fe''TA@HA has been designed and prepared through
the biomineralization of Fe** and polyphenol tannic acid
(TA) under the control of HA matrix to realize precise
theranostics of SCC. The work details of nanoprobes are
given in Scheme 1. With the HA residues on the outer
surface, Fe"TA@HA nanoprobes are expected to firstly
target the CD44 receptors over-expressed on the SCC
cells and accumulate in the carcinoma region after intra-
venously administration. The abundant HAase in carci-
noma TME will trigger the degradation of HA molecules,
thereby exposing the Fe'TA complex. After ingesting by
tumor cells via CD44 mediated endocytosis, the acidic
condition in cell lysosome will further trigger the pro-
tonation of TA molecules, leading to the Fe®" release
of nanoprobe. These released Fe®' ions are expected
to induce ferroptosis/apoptosis of tumor cells through
peroxidase activity and glutathione (GSH) depletion.
In addition, beneficial from the 7; MRI performance of
Fe*™ and outstanding photothermal conversion efficiency
of Fe''"TA complex in nanoprobes, the theranostic strat-
egy of MRI-guided PTT will be also combined to com-
plement the Fe**-induced cancer therapy. Through the
synergistic effects of all this approach, the dual-stimuli
triggered nanoprobes are expected to effectively diag-
nose and treat the superficial SCC with satisfactory
biosafety features. In the experiments reported below, the
construction and characterization of Fe"TA@HA nan-
oprobes are displayed, and the in vitro and in vivo experi-
ments are carried out to verify the dual-stimuli triggered
properties, tumor theranostic efficacy, and biosafety of
nanoprobes.

Materials and methods

Materials

Ferric chloride hexahydrate (FeCl;-6H,O, 99.0%) was
purchased from Shandong Xiya Chemical Industry Com-
pany (Shandong, China). Tannic acid (TA, 98%) was
purchased from Beijing Innochem Technology Co., Ltd
(Beijing, China). Hyaluronic acid (HA, 97%) was pur-
chased from Shanghai Macklin Biochemical Technology
Co., Ltd (Shanghai, China). 4-(4,6-dimethoxy-1,3,5-tri-
azin-2-yl)-4-methyl morpholinium chloride (DMTMM)
were purchased from Aladdin Co. Ltd. 5-aminofluo-
rescein (5-AF) were purchased from Beijing Innochem
Science & Technology co., LTD. All the above chemi-
cals were used without further purification. The human
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Scheme 1 Schematic illustration to demonstrate the synthesis procedure and the theranostics processes of Fe!'TA@HA nanoprobes through
HAase/lysosomal HT dual-stimuli triggered hybrid ferroptosis/apoptosis and MRI-guided precise PTT of superficial squamous cell carcinoma (SCC).

tongue squamous carcinoma SCC-9 cell line was pur-
chased from ATCC (ATCC CRL-1629). CD44 rabbit pol-
yclonal antibody was purchased from Abcam (ab157107).

Synthesis of Fe''TA@HA nanoprobes

Typically, 170mg TA was dissolved in 25mL HA solu-
tion (32mg/mL) under vigorous stirring. After 2h dis-
solution, 25mL FeCl; solution (1.08 mg/mL) was added
to the reaction mixture and stirred for another 1h. The
resulting aqueous nanoprobes solution was purified with
3k MWCO centrifugal devices to remove the unreacted
materials, then transferred into 1x PBS buffer, and finally
stored at 4°C for further use.

Characterization of the Fe""TA@HA nanoprobes

Transmission electron microscope (TEM) image was
carried out with JEM-2100 (UHR) microscopes operat-
ing at 200kV, for characterizing the morphology and
size distribution of nanoprobes. The size distribution of
nanoprobes was determined by counting more than 100
particles per sample. The UV-Vis absorption spectra were
recorded on a microplate reader (Thermo, MULTISKAN
GO). DLS measurements were carried out at 298.0 K with
Nano ZS (Malvern) equipped with a solid state He-Ne

laser (A\=632.8nm) for monitoring the hydrodynamic
profiles of the particles.

In vitro photothermal evaluation of Fe''TA@HA
nanoprobes

To assess the photothermal performance of the Fe''TA@
HA nanoprobe, a series of aqueous solutions of nano-
probes with different Fe*™ concentrations were placed
in a 96-well cell culture plate (100 uL/well) to receive
650 nm laser irradiation with different power density for
10 min. The temperature variations were recorded using a
digital infrared thermometer per 30s.

Relaxivity measurements
The relaxivity measurements were carried out on a 7.0 T
animal MRI instrument (Bruker BioSpec70/20 USR). A
series of aqueous solutions containing Fe"TA@HA nan-
oprobes were prepared, and 200 uL of each was trans-
ferred into Eppendorf tube for MR studies. The T} and T,
relaxation time were recoded through T)map and T,map
sequences.

The detailed parameters for MR studies were set as
follows:
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T,-weighted imaging: echo time (TE)=5.01 ms, repeti-
tion time (TR)=300ms, field of view (FoV)=35mm x
35 mm, slice thickness =1 mm.

Timap: TE=5.90ms, TR=3000, 1500, 1000, 500,
298 ms, FoV=35mm x 35mm, slice thickness =1 mm.

Tomap: TE=6.6, 13.2, 19.8, 26.4, 33, 39.6, 46.2, 52.8,
594, 66, 72.6, 79.2ms, TR=3000ms, FoV=35mm x
35 mm, slice thickness =1 mm.

Determination of Fe** release

The amount of Fe?* released by Fe!"TA@HA nanoprobes
was determined by the Prussian Blue method. Briefly, the
nanoprobes (4mM with respect to Fe) were incubated
under different pH conditions in the presence or absence
of HAase (76 U/mL), and the released Fe** ions were col-
lected through ultrafiltration treatment (Millipore YM-3,
3 kD), which then detected through Prussian Blue color
reaction, respectively. Fe>* concentration was calculated
by measuring the absorption of products at 700 nm.

Peroxidase-like activity evaluation

The peroxidase-like activity of nanoprobes was evalu-
ated through methylene blue (MB) degradation assay. In
detail, 10 ugmL~! MB was mixed with Fe"'TA@HA nan-
oprobes dispersions (0.2mM with respect to Fe*") in the
absence of 1 x 10~2 M H,0, under different pH in the
presence or absence of HAase (76 U/mL), respectively.
The absorbance at 665 nm was measured at different time
points.

Cell culture

SCC-9 cell line was cultured in a medium of DMEM sup-
plemented with 10% fetal bovine serum and 1% peni-
cillin-streptomycin solution (100x) at 37°C under a 5%
CO, atmosphere.

CD44 blocking efficiency evaluation

HA (80mg) was dissolved in 5 mLK,HPO, aqueous solu-
tion (pH 9.1) through magnetic stirring in a round bot-
tomed flask, DMTMM (3.32mg dissolved in 0.5mL
Milli-Q water) was added immediately. After 20 min,
5-AF (3.47mg dissolved in 0.5mL Milli-Q water) was
added. This mixture was then stirred for 2h at room tem-
perature and purified by 3k MWCO centrifugal devices
to remove the unreacted the 5-AF molecules. The result-
ant 5-AF-labeled HA solution was stored at 4°C for fur-
ther use.

SCC-9 cells were seeded into a 48-well cell culture plate
by approximately 1 x 10* cells/well under 100% humidity
and then cultured at 37°C in an atmosphere containing
5% CO, overnight. Then, some wells of adherent cells
were treated through being cultured in culture medium
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contained CD44 antibody (CD44 Ab) (0.1 ug/mL) for 12h
to block the CD44 receptors. After being rinsed with PBS
buffer, the FITC-labeled CD44 antibody (0.1 pg/mL) or
5-AF-labeled HA (0.5mM) was co-incubated with the
unblocked or blocked cells for 1h. After that, the cells
were subjected to the confocal laser scanning microscope
(Leica, TCS-SP8, Germany) for bright field and fluores-
cent imaging.

In vitro cell binding assays

SCC-9 cells were seeded into a 24-well cell culture plate
by approximately 2 x 10* cells/well under 100% humid-
ity and then cultured at 37°C in an atmosphere con-
taining 5% CO, overnight. After being rinsed with PBS
buffer, the cells were incubated with the Fe"TA@HA
nanoprobes solution at a series of Fe>* concentrations
including 0, 0.4, and 0.8 mM in same conditions for 4h at
37°C. Then the cells were rinsed three times with PBS to
remove the unbound free nanoprobes, and further fixed
with 4% paraformaldehyde. Then the cells were incubated
with Perls Prussian blue stain for Fe detection. The imag-
ing of cells was carried out on an inverted fluorescence
microscope (Leica DMI 3000B). Regarding the cell bind-
ing assays on CD44 blocked SCC-9 cells, the adherent
cells were pretreated through being cultured in culture
medium contained CD44 antibody (CD44 Ab) (0.1 pg/
mL) for 12h. Then, following the above procedures for
unblocked SCC-9 cells, the binding affinity of the nano-
probes was evaluated.

Cytotoxicity of Fe""TA@HA probes

CCK assays on SCC-9 cells were carried out as follows.
Cells were seeded into three 96-well cell culture plates
by 5 x 10° cells/well under 100% humidity, and then cul-
tured at 37°C in an atmosphere containing 5% CO, for
24h. Thereafter, the nanoprobes with a series of differ-
ent concentrations were added to three plates and incu-
bated with the cells for 24'h at 37°C, in which two plates
were also introduced the AP (50 uM) and DFO (100 uM)
in each well, respectively. Subsequently, the superna-
tant containing the nanoparticles was decanted. After
that, 100 pL culture medium contained 10 pL CCK-8
was added to each well and incubated for another 3h at
37°C. Finally, the optical density of each well at 450 nm
was recorded on a microplate reader (Thermo, Multis-
kan GO). Regarding the CD44 blocked SCC-9 cells, the
adherent cells were pretreated through being cultured
in culture medium contained CD44 Ab (0.1 ug/mL) for
12 h. Then, following the above procedures for unblocked
SCC-9 cells, the CCK assays of the nanoprobes was
evaluated.
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Detection of intracellular ROS in vitro

SCC-9 cells were seeded into 48-well cell culture plate
by ~ 1 x 10* cells/well under 100% humidity, and then
cultured at 37°C in an atmosphere containing 5% CO,
for 12h. Subsequently, the SCC-9 cells were treated
with nanoprobes (0.2 mM, with respect to Fe) and PBS
in the presence/absence of DFO (100 uM)/AP (50 uM),
respectively. Free nanoprobes were removed by wash-
ing the cells twice with DMEM after 3 h co-incubation.
The cells were stained by DCFH-DA (1 mM) at 37°C
for 40 min and rinsed by PBS twice, and further fixed
with 4% paraformaldehyde for 20 min. After nucleus
staining by DAPI, the fluorescence images were cap-
tured on a fluorescence microscope (Leica DMI
3000B). Regarding the CD44 blocked SCC-9 cells,
the adherent cells were pretreated through being cul-
tured in culture medium contained CD44 Ab (0.1 pg/
mL) for 12h. Then, following the above procedures
for unblocked SCC-9 cells, the ROS generation was
evaluated.

Evaluation of intracellular GSH depletion of nanoprobes
SCC-9 cells were seeded into a 6-well cell culture plates
by ~ 1 x 10° cells/well under 100% humidity, and then
cultured at 37°C in an atmosphere containing 5% CO,
for 12 h. Regarding the CD44 blocked SCC-9 cells, the
adherent cells were pretreated through being cultured
in culture medium contained CD44 Ab (0.1 pg/mL) for
12h. After co-incubation with a series of Fe!'"TA@HA
nanoprobes for 8 h, the cells were harvested and lysed.
The resultant lysates were centrifuged (10,000 r/min,
15min) and the supernatant was used for GSH detec-
tion. In detail, 400 pL of the supernatant was added to
100 puL of DTNB (0.75mM). Then the GSH concen-
tration of each sample was recorded through measur-
ing the absorbance at 412nm on a microplate reader
(Thermo, Multiskan GO).

Evaluation of intracellular GPX4 levels

SCC-9 cells were seeded into a 24-well cell culture
plate by 1 x 10° cells/well under 100% humidity, and
then cultured at 37°C in an atmosphere containing
5% CO, for 12h. Regarding the CD44 blocked SCC-9
cells, the adherent cells were pretreated through
being cultured in culture medium contained CD44
Ab (0.1ug/mL) for 12h. After co-incubation with
Fe'' TA@HA nanoprobes (0.5mM with respect to Fe)
for 6 h, the cells were harvested and rinsed. After three
cycles of freezing and thawing, the resultant lysates
were centrifuged (3000 r/min, 20min) and the super-
natant was subjected to GPX4 ELISA kit (Shanghai
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Enzyme-linked Biotechnology Co., Ltd.). The GSH lev-
els of each sample were finally recorded through meas-
uring the absorbance at 450 nm on a microplate reader
(Thermo, Multiskan GO).

Photothermal ablation of cancer cells

SCC-9 cells were seeded into a 48-well cell culture
plate by ~ 1 x 10* cells/well, and cultured at 37°C in an
atmosphere containing 5% CO, for 24h. Fe'"TA@HA
nanoprobes were added at the concentrations of 0 and
0.1mM (with respect to Fe3"), and incubated for 4h
before exposed to the irradiation of 650 nm laser with a
power density of 1 W-cm™? for 10 min.

In order to differentiate the viable cells from the
dead cells after in vitro photothermal treatment, the
3’,6’-Di(O-acetyl)-4’,5'-bis[N,N-bis(carboxymethyl)
aminomethyl] fluorescein, tetraacetoxymethyl ester
(calcein-AM)/propidium iodide (PI) staining rea-
gents were adopted to stain the viable cells green
Aexy=490nm, A,,=515nm) and dead cells red
(Aeg=535nm, A, =617 nm), respectively. Specifically,
100 pL 20mM of calcein-AM and PI solution were
added after the removal of the culture medium and
rinsing of the disks. After 30min of incubation, the
staining solution was removed and cells were rinsed
by PBS twice for observation with fluorescence micro-
scope (Leica DMI 3000B).

Animal tumor model

The mice superficial tumor models were established
upon subcutaneous inoculation of SCC-9 cells (~ 5 x 10°)
into 4weeks old female BALB/c nude mice at right arm-
pit. The tumor imaging studies were carried out 5-7 d
after the inoculation of tumor cells.

MR imaging of tumor in vivo

The MR images were acquired on a 7.0T animal MRI
instrument (Bruker BioSpec70/20USR). BALB/c nude
mice bearing SCC-9 superficial tumor xenografts were
anesthetized and then the nanoprobe (50 pmol Fe*" per
kilogram body weight) or normal saline solution of Gd-
DTPA (50pumol Gd*> per kilogram body weight) was
intravenously injected through tail vein. As for the CD44
blocked tumor model, the solid tumor of mice were pre-
treated with the PBS solution of CD44 antibody for 4h
through intratumoral injection (0.5 mg/kg body weight).
T,-weighted images were acquired pre- and at different
time points post-injection. The mice were firstly anes-
thetized with 2% isoflurane, and the anaesthesia was
then maintained with 1.5% isoflurane delivered via a
nose cone during the imaging sessions. The tumor signal
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intensities at different time points were quantitatively
analyzed through the average R, values of tumor areas
recorded through the T;map sequence of MRI. The rela-
tive R; (Rel. R;) values of tumors were calculated with ref-
erence to the initial R; of tumor area recorded prior to
the contrast enhancement.

The detailed parameters for MR studies were set as
follows:

T,-weighted imaging: TE=5.08ms; TR=347ms;
FOV =35 x 35 mm?, slice thickness=1mm.
Tymap: TE=590ms, TR=3000, 1500, 1000, 500,

458.744ms, FoV=35mm x 35mm, slice thickness=1mm.

Treatment of tumors

20 tumor-bearing BALB/c nude mice with an average
tumor volume of ~25mm?® were randomly allocated
into 5 groups (n=4). These five groups of mice were
administrated with (1) 1x PBS solution of Fe"TA@HA
nanoprobes (50 umol Fe3™ per kilogram body weight)
with 650nm NIR laser irradiation (Hi-Tech Optoelec-
tronics Co., Ltd. Beijing, China) for 10 min (1 W-cm™?)
at 1-2h post-injection; (2) 1x PBS solution of Fe"TA@
HA nanoprobes (50umol Fe>™ per kilogram body
weight) without laser irradiation; (3) the same injec-
tion volume of 1x PBS solution with 650 nm NIR laser
irradiation (Hi-Tech Optoelectronics Co., Ltd. Beijing,
China) for 10min (1 W-cm™2) at 1-2h post-injection;
(4) the same injection volume of 1x PBS solution with-
out laser irradiation; (5) normal saline solution of cis-
platin (10mg per kg body weight), respectively. The
tumor size was measured every day and the volume was
calculated according to V = (a x b%/2, where a and b
represent the length and width of the tumor. Relative
tumor volumes were calculated with reference to the
initial volume recorded prior to the treatment. The
weight of each mouse was also measured every day as
well.

Histopathological analysis of tumor tissues

One representative tumor-bearing BALB/c nude mice
were sacrificed 4 h after probe injection, the tumor tissue
was extracted. After being embedded into paraffin, the
fixed tissues were cut into 4 pm slices, and stained with
H&E and Prussian blue for histopathological analysis.
One of the tumor slice was also subjected to the immu-
nohistochemistry analysis of CD44 staining.

After 10days of treatments, the tumor tissues of
all groups of mice were extracted for histopathologi-
cal, immunohistochemistry and immunofluorescence
analysis. After being embedded into paraffin, the fixed
tumor tissues were sliced. The adjacent tumor slices were
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subjected to H&E, PCNA, Ki 67 and Caspase 3 staining
for studying the proliferation and death of tumor cells
with microscopy. The tumor slices were also subjected
to CD4/CD8 and TNF-a/IEN-y staining for the tumor
immune studies.

Biosafety evaluation

The major organs of the above tumor-bearing mice sacri-
ficed at 4h post-injection and another mice sacrificed at
15 d post-injection were extracted. After being embed-
ded into paraffin, the fixed tissues were cut into 4 pm
slices, and stain with H&E and Prussian blue for histo-
pathological analysis.

Three healthy BALB/c mice were intravenously injected
with nanoprobes with the dose of 50 pmol Fe** per kilo-
gram body weight (n=3). The R, values of liver, spleen,
and kidney regions were recorded before and at different
time points after injection through 7;map sequence.

The detailed parameters of 7T;map sequence:
TE=5.90ms, TR=3000, 1500, 1000, 500, 458.744 ms,
FoV=35mm x 35mm, slice thickness=1mm.

Statistical analysis

Data are shown as the mean=+standard deviation, as
indicated in the figure captions. Statistical differences
among groups were determined via one-way analysis of
variance (ANOVA) and Tukey’s multiple comparisons
test. A p value<0.05 was regarded as statistically signifi-
cant. Both tests were carried out using GraphPad Prism
5.0 software.

Results and discussion

Synthesis and characterization of Fe""TA@HA nanoprobe
Due to the strong coordination reaction between Fe3"
and catechol groups of TA, the Fe!''TA complex with
dark purple color could quickly form in aqueous solu-
tion (Additional file 1: Fig. Sla). However, the rather
low aqueous dispersibility and colloidal stability of
these Fell'TA complexes will lead to the fast aggrega-
tion and precipitation of them, which largely hampers
their applications in biomedical fields (Additional file 1:
Fig. S1b). Inspired by the bio-mineralization process,
HA (M,, ~8000), a kind of macromolecule, was intro-
duced as the three-dimensional matrixes to control
the nucleation and enhance the colloidal stability of
Fe!'TA in water solution, meanwhile endowing the
complexes with tumor targeting ability (Fig. 1la). As
shown in Fig. S1, through the control of HA, the aggre-
gation of Fe'''TA complex could be well inhibited, and
the stability of resultant complexes in water was signifi-
cantly improved. To confirm the nano-structure of the
complexes, the morphology and the size distribution
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of them was studied by using transmission electron
microscopy (TEM). A uniform nanoprobe with the
diameter of 22.5+3.7nm in average was successfully
prepared (Fig. 1b and Additional file 1: Fig. S2). The
hydrodynamic diameter (D,) of this nanoprobe was fur-
ther investigated with dynamic light scattering (DLS)
analysis. As shown in Fig. 1c, the DLS profile presented
a single peak, and the average Dj, of Fe'" TA@HA nano-
probe in aqueous solution was 50.7 nm, further indicat-
ing that due to the present of HA, the nucleation and
growth processes of nanoprobes took place in a con-
trolled manner, and no large aggregates or precipitates
formed. In addition, the zeta potential of Fe"TA@HA
in aqueous solution was —22.8mV (Fig. 1d), suggest-
ing that the HA residues are on the outer surface of the
nanoprobes to better realize their targeting ability.

According to our previous publications,
Fe**-polyphenol complexes normally show a wide
absorption band in both visible and NIR region due to
ligand-metal charge transfer (LMCT) effect [38]. This
kind of charge transfer transition is orbital- and spin-
allowed, which becomes preferable in comparison with
d-d electronic transition as the latter is parity forbidden.
Therefore, the Fe>™-polyphenol complexes often exhibits
large extinction coefficients. As shown in Fig. le, the cor-
responding Vis—NIR absorption spectra of the Fe'TA@
HA nanoprobes displayed a wide absorption band from
400 to 900nm, with a characteristic peak centered at
approximately 580nm. Based on this wide absorption
band, Fe''TA@HA nanoprobe is promising to serve as
a photothermal therapy agent. Based on this hypothesis,
the photothermal conversion performance of nanoprobes
has been evaluated. The Fe'TA@HA nanoprobes with
different Fe** concentrations including 0, 0.25, 0.50 and
1.00mM were exposed to 650nm NIR laser with the
power density range of 1.0W-cm™2, respectively. The
temperature of each solution was recorded for 10min
under continuous laser irradiation until the solution
reached a steady temperature (Fig. 1f). Besides, the tem-
perature changes of Fe!'TA@HA nanoprobes solution
with 1.00 mM Fe concentration exposed to laser with dif-
ferent power density including 0.5, 1.0, and 1.5W-cm 2
were also studied through the same procedure (Addi-
tional file 1: Fig. S3). As a result, the temperature dif-
ference (AT) drastically ascended with the increasing
particle concentration or the power density of laser.
Typically, the AT of the Fe'"TA@HA solution with Fe*"
concentration of 1.00mM could increase by 44.9°C, after
irradiation for 10min by 650nm laser with the power
density of 1W-cm™2 By contrast, the AT of pure water
was only 0.9°C under the same conditions. This result
indicated that the nanoprobes possess outstanding pho-
tothermal conversion ability.
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The photothermal conversion efficiency of Fe''TA@
HA nanoprobes was further calculated. As the laser was
switched off, the relationship between time (t) and the
temperature of probe solution (T) could be expressed as
[39]:

t=—1, ZHM (1)

Tmax - TSMVV

where 7 is the system time constant, T, is the ambient
temperature of the surrounding environment, and T,
is the equilibrium temperature after laser irradiation.
For the sake of simplicity, a dimensionless term 6 can be
defined, and the Eq. 1 can be simplified:

9 — T - Tsurr
Tmax - Tsurr
t = —1,lnd (2)

According the heating/cooling profile of the nanoprobe
solution (Fig. 1g), 7, can be obtained as the slope of the
linear regression of the experimental data based on Eg. 2
(Additional file 1: Fig. S4). Accordingly, the photothermal
conversion efficiency of Fe'"TA@HA nanoprobes can be
calculated to be 14.8% under the irradiation of 650nm
laser (the details are provided in Additional file 1), which
is comparable to those reported nanomaterials with
excellent photothermal ability [40].

Apart from the photothermal efficiency, the MRI
properties of Fe'"TA@HA nanoprobe were also investi-
gated. Owing to the 5 unpaired d-electrons of paramag-
netic Fe** ions, the current nanoprobe is expected to be
the T, contrast agent for MRI. The MRI performance
of the Fe''TA@HA was therefore measured on a 7.0 T
MRI scanner. As shown in the inset of Fig. 1h, Fe!"TA@
HA nanoprobes exhibited a strong 7, contrast enhance-
ment effect even under the low Fe concentrations,
which brighten the aqueous solution in the T;-weighted
imaging. By linear regression fitting of the longitudinal
relaxation rate (R;) of probe solution with different Fe
concentrations, the longitudinal molar relaxivity (r;) of
nanoprobes was extracted as 1.58mM™' s~ ! (Fig. 1h).
On the other hand, the T, contrast enhancement ability
was also be measured. As shown in Fig. S5, the trans-
verse molar relaxivity (r,) of nanoprobe was calculated
as 4.50mM~! s™! according to the slope of regression
curve. Accordingly, the r,/r, ratio of the Fe"TA@HA
nanoprobe was calculated as 2.85, which is rather low.
Therefore, the high r; as well as low r,/r; ratio indicated
that the as-developed nanoprobe can serve as an ideal
candidate for T, contrast agents for MRI [41].
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Dual-stimuli triggered Fe3* release and catalytic activity

of Fe""TA@HA nanoprobes

According to the design concept, the stability of Fe** ions
in nanoprobes mainly depends on two aspects. On one
hand, the HA molecules on the surface of nanoprobes
can be partly degraded into low-molecular-weight frag-
ments by the HAase. On the other hand, under the lower
pH, the phenolic hydroxyl groups of TA molecules will
be protonated, causing the dissociation of Fe'-TA com-
plexes, and further leading to the release of Fe>*. There-
fore, it is expected that the nanoprobes will be stable
either in neutral environment or in the absence of HAase.
In contrast, the Fe*>' ions inside the nanoprobes can be
released only under the dual stimulation of lower pH
and rich HAase (Fig. 1i). To confirm this hypothesis, the
Fe3* release behaviors of nanoprobes in different con-
ditions were studied. As shown in Fig. 1j, the Fe'TA@
HA nanoprobes were quite stable in neutral conditions
(pH 7.4) either in the absence or presence of HAase. In
contrast, in acidic and rich HAase conditions, the Fe"
release could be detected. Specifically, with the presence
of HAase, a fast Fe>" release process could be observed
in the first 30min, in which approximately 15.7% and
33.6% of the total Fe*>" were released at tumor microen-
vironment pH (pH 6.5) and lysosomal pH (pH 5.5), and
these released rates still increased gradually, and finally
reached 17.6% and 36.1% until the 2h, respectively. More
importantly, neither single stimulation of lower pH nor
single stimulation of high HAase could trigger the Fe3"
release. Therefore, this result strongly highlighted the
design of nanoprobe herein, that is, only the through the
dual-stimuli of pH and HAase, the Fe"TA@HA nano-
probes could be triggered to release Fe>*.

In principle, the released Fe3' ions can catalyze the
decomposition of H,0, to produce free radicals. On
this basis, the Fe''TA@HA nanoprobes are promisingly
to serve as an anti-cancer agent with peroxidase-like
capability.

According to the sensitive dual-stimuli triggered Fe>"
released behavior of the nanoprobes, the «OH genera-
tion capability of Fel"TA@HA nanoprobes was investi-
gated through the methylene blue (MB) degradation. As
shown in Fig. 1k, under the presence of HAase, the MB
content in aqueous solution decreased by 45.3% under
pH 5.5 at 1h after treated with Fe''TA@HA nanoprobe
and H,0,, while it only decreased by 8.3% at pH 7.4. In
addition, without HAase, the degradation rates of MB
were less than 10% under all these three pH. This result
revealed that the current nanoprobes can effectively cata-
lyze the decomposition of H,0, to generate «OH under
the stimulation of both H* and HAase. The degradation
of MB can be also characterized by the color change. As
shown in the inset of Fig. 1k, a conspicuous color fading
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of MB solution can be observed after adding the nano-
probes and H,O, at pH 5.5 with the presence of HAase,
indicated that at the MB had been largely degraded at
this condition.

The above color reaction indicated that the peroxidase-
like capability of nanoprobes presents a strong dual-stim-
uli dependency, which has the similar trend with the Fe*"
release. Therefore, it can be reasonably speculated that
the peroxidase-like capability of nanoprobes is attributed
to the released Fe3*. Overall, the Fe'"TA@HA nanoprobe
can act as a dual-stimuli triggered nanozyme with perox-
idase-like capability, which exhibits a great potential for
tumor therapy.

Tumor cell binding affinity and anticancer capability of Fe'"
TA@HA nanoprobes in vitro

As a theranostic agent, the tumor-specific targeting abil-
ity of nanoprobes is highly desired, whether imaging or
therapy. According to the current design principles, the
HA molecules of nanoprobes are expected to target the
tumor cells through CD44 receptors [21]. To verify this
hypothesis, cell line from human tongue SCC (SCC-9
cell line) was used as the model cell. As shown in Fig. 2a,
according the Perls Prussian blue staining, the Fe!'TA@
HA nanoprobes exhibited strong cell targeting ability in
a concentration dependent manner. In order to verify
the targeting specificity of Fe'"'TA@HA nanoprobes, the
free CD44 antibody (CD44 Ab) was used as inhibitors
to shield the CD44 receptor on SCC-9 cells. As shown
in Fig. S6, after CD44 receptor blocking, the binding of
FITC-labeled antibodies on blocked SCC-9 cells were sig-
nificantly inhibited in comparison with unblocked cells
(p<0.0001), indicating that the blocking efficiency of
CD44 Ab was very high. More importantly, as displayed
in Fig. S7, the binding ability of 5-AF-labeled HA mole-
cules on SCC-9 cells has been also significantly inhibited
(p<0.0001). These results strongly confirmed that the
blocked SCC-9 cells can serve as the appropriate nega-
tive controls. As shown in Fig. 2a, the uptake of nano-
probes by blocked SCC-9 was significantly inhibited,
confirming the good targeting specificity of nanoprobes.
This cell uptake difference can be further quantitatively
confirmed through the blue signal integral (Additional
file 1: Fig. S8). Therefore, CD44-mediated cellular uptake
is the main pathway for the nanoprobe to enter SCC-9
cells. As a potential tumor-targeted therapeutic agent,
the Fe'"TA@HA nanoprobes are expected to be specifi-
cally toxic to the tumor cells, therefore, the cytotoxicity
of the Fe"TA@HA nanoprobes was investigated by a
standard Cell Counting Kit-8 (CCK-8) assay on SCC-9
cells. The cell viability results given in Fig. 2b revealed
that Fe"TA@HA nanoprobes exhibited significant
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Fig. 2 aThe Perls Prussian stained SCC-9 cells obtained after incubation with Fe'"TA@HA nanoprobes with different Fe concentrations with
or without CD44 Ab. b Cell viabilities of SCC-9 cells treated with the Fe'TA@HA nanoprobes with different Fe concentrations under different
conditions. ¢ Fluorescence images of SCC-9 cells treated with different agents, respectively, followed by DAPI staining for showing the cell nuclei
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and DCFH-DA staining for showing the intracellular ROS. d The intracellular GSH contents of SCC-9 cells after co-incubation with nanoprobes with
different Fe concentrations with or without CD44 Ab. e The intracellular GPX4 levels of SCC-9 cells under different conditions. f Cell images acquired
after Live-Dead staining for showing the thermal ablation of Fe'lTA@HA nanoprobes under 650 nm laser irradiation (1 OW-cm™?) for 10min. Note:
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cytotoxicity to tumor cells when the concentration of
nanoprobe (with respect to Fe*>") was as low as 0.4 mM.
Because the CD44-mediated cellular uptake is the main
pathway for the nanoprobe to enter SCC-9 cells, it can be
reasonably speculated that the blocking of CD44 recep-
tors can reduce the cytotoxicity of the current nano-
probes. To confirm this hypothesis, the CCK-8 assay
was also performed on CD44 Ab-pretreated SCC-9 cells.
As expectation, compared with normal SCC-9 cells, the

viability of CD44 Ab-pretreated SCC-9 cells significantly
enhanced (p<0.05 and p<0.01 when Fe concentration
was 0.4mM and 0.8 mM, respectively). This result indi-
cated that CD44-mediated cellular uptake is one of the
prerequisites for the nanoprobe to exert therapeutic
effect.

Considering the peroxidase-like capability of nano-
probes, it can be speculated that the anti-tumor effi-
cacy should be mainly attributed to the released Fe*"
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under the stimulation of both the HAase secreted by the
tumor cells and the lower pH inside the cell lysosomes.
To verify this hypothesis, the HAase inhibitor, apigenin
(AP), and a type of Fe*>' chelator, deferoxamine (DFO),
were introduced into the CCK-8 assays, respectively. As
a result, the cytotoxicity of nanoprobes could be remark-
ably decreased (p<0.001 when the Fe concentration
was 0.4mM and 0.8 mM, respectively) when the tumor
cells were co-treated with AP to suppress the secretion
of HAase. In addition, DFO can also prevent the nano-
probes to kill cancer cells (p<0.05 and p<0.01 when Fe
concentration was 0.4mM and 0.8mM, respectively).
These two results strongly confirmed the aforementioned
hypothesis, and further suggested that only the simulta-
neous stimulation of H and HAase can trigger the anti-
tumor activity of nanoprobes, highlighting the sensitivity
of nanoprobes in cell level.

Additionally, on the basis of the peroxidase-like capa-
bility of nanoprobes, the nanoprobes are expected to
induce the accumulation of intracellular ROS, and lead
to the ferroptosis of tumor cells. Therefore, the exces-
sive ROS of tumor cells was analyzed through DCFH-
DA staining (Fig. 2c). Contrasting to the control groups,
the strong intracellular green fluorescent signal can be
clearly detected after treating with nanoprobes, revealing
that the generation and accumulation of excessive ROS.
In contrast, after the CD44 receptors were blocked, the
nanoprobe-induced intracellular ROS accumulation was
dramatically suppressed, which was characterized by the
rather weak green signal that was comparable with the
normal tumor cells. In addition, the introduction of AP
and DFO can also inhibit the nanoprobe-induced ROS
accumulation to vary degrees, indicating that the ROS
accumulation is mainly attributed to the dual-stimuli
responsive Fe®' release of cellular-ingested nanoprobes.

As known, in comparison with the normal cells, the
tumor cells with innate oxidative stress are more suscep-
tible to the oxidative damage. However, the generated
ROS could also be scavenged by the over-expressed GSH,
leading to the limited efficiency of ROS-mediated antitu-
mor therapy. In our design concept, the nanoprobes can
not only induce the ROS accumulation, but also consume
GSH molecules simultaneously, because the released
Fe®* can oxidize the GSH to glutathione oxidized (GSSG)
[42]. To confirm this property, the contents of intracel-
lular GSH were evaluated after the tumor cells were co-
incubated with the nanoprobes. As shown in Fig. 2d, the
intracellular GSH levels of tumor cells exhibited a sig-
nificant decrease in a nanoprobes concentration depend-
ent manner, but this GSH depletion can be limited by
the CD44 blocking. Therefore, it can be concluded that
after being ingested, the nanoprobes can largely amplify
the oxidative stress of tumor cells through inducing the
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accumulation of excessive ROS and consuming the intra-
cellular GSH as well, which break the redox homeostasis
of tumor cells and lead to the cell death.

In our previous studies, the above ROS accumulation
and GSH depletion of tumor cells may lead to the ferrop-
tosis [30, 43]. As known, glutathione peroxidase 4 (GPX4)
can convert the potentially toxic lipid hydroperoxides
(L-OOH) to non-toxic lipid alcohols (L-OH) to protect
the cells. Therefore, the down-regulated expression of
GPX4 is believed as features of ferroptosis. Accordingly,
the GPX4 level of tumor cells was evaluated through
enzyme linked immunosorbent assay (ELISA). As shown
in Fig. 2e, the expression of GPX4 in tumor cells was sig-
nificantly down-regulated (P <0.001) after treating with
the current nanoprobes (0.5 mM with respect to Fe), but
if the cells were blocked by CD44 Ab, this trend will be
largely attenuated. This result indicated that the ferropto-
sis induced by the ingested nanoprobes is one of the main
pathway of the current nanoprobe for killing cancer cells.

Apart from the dual stimuli triggered catalytic anti-
tumor effects, the photothermal anti-tumor efficacy of
Fe"TA@HA nanoprobes was also investigated through
Calcein-AM and propidium iodide (PI) co-staining
assay. This mixed cell staining can be used to distinguish
the live and dead cells. For the PTT laser source, the
650nm laser was adopted because the wavelength of it
is closed to the He-Ne laser (632.8nm) or Krypton laser
(at 647 nm), which have been adopted in clinical trails. As
shown in Fig. 2f, most of cells were destroyed after treat-
ing with 0.1 mM nanoprobes (with respect to Fe*") and
650nm laser (1.0W-cm™2, 10min). In contrast, almost
no cells died after treating with only 0.1 mM nanoprobes
without laser irradiation. The result suggested that the
current nanoprobes can serve as an ideal PTT agent for
photothermal ablation of cancer cells.

In vivo MR imaging of the SCC with Fe""TA@HA nanoprobes
Based on the in vitro properties of Fe''TA@HA nano-
probes, the in vivo tumor targeting and imaging abil-
ity was further investigated. The clinical T} contrast
agent Gd-DTPA was adopted as the control. To better
mimic the superficial SCC, BALB/c nude mice bear-
ing SCC-9 subcutaneous tumors were employed as the
animal model. Specifically, the SCC-9 tumor cells were
inoculated subcutaneously at the right armpit of nude
mice. After the successfully establishment of the animal
models, the Fe"TA@HA nanoprobe or Gd-DTPA was
intravenously injected into the tail vein and the mice
were then subjected to the MRI. The detailed imaging
procedures are given in Fig. 3a. The dose of nanoprobes
was determined based on the clinically dosage of Fe;O,
contrast agent in human MR], i.e., ~ 50 umol Fe*>" per kg
body weight [44]. While the use of Gd-DTPA was also
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in the range of clinical dosage, i.e. (50 umol Gd** per kg
body weight) [45]. T;-weighted MR images of subcu-
taneous tumor section acquired before and at different
time points post-injection are displayed in the Fig. 3b.
Accordingly, the tumor region was readily discernible at
1h after intravenous injection of the probes. Then, the
T, signals of tumor region reached the intensity maxi-
mum from 2h. Therefore, it was quite evident that the
Fe''TA@HA nanoprobes exhibited strong tumor target-
ing ability in vivo, which can provide a good guidance for
the following PTT. Thereafter, the enhanced T; contrast

of tumors began to fade, but can be still distinguished
until 6h post-injection. In order to further confirm the
in vivo targeting ability of Fe''TA@HA nanoprobes, the
subcutaneous tumor of another mouse were pretreated
by CD44 Ab to block the CD44 receptors. As shown in
the middle row of Fig. 3b, the tumor uptake of nano-
probes were significantly reduced after the pretreatment
of CD44 Ab, suggesting that the CD44 specific binding
is the predominant reason for nanoprobes to targeting of
SCC tumors in vivo.
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As for the clinically control, Gd-DTPA can only slightly
enhance the contrast of a small part of tumor region at
the first 1h after injection. In addition, this Gd-DTPA-
enhanced T; signal in tumor area faded up very quickly,
and the contrast of tumor had already recovered to the
pre-contrast level after 2h post-injection, as displayed in
the last row of Fig. 3b.

The variation of T signals in tumor regions can be also
quantitatively characterized through the temporal evolu-
tion of the relative local R, values of tumor sites pre- and
post-contrast. As shown in Fig. 3¢, after the administra-
tion of nanoprobes, the relative R; (Rel. R;) of the tumor
site reached the top at 120min, which increased by
30.5%, contrasting to only 10.7% recorded from the signal
climax of Gd-DTPA contrast agents at 60 min. Overall,
the obvious contrast enhancements performance of sub-
cutaneous tumors strongly confirmed that the superficial
SCC-targeting ability of the current Fe''TA@HA nano-
probes in vivo.

To further validate the active tumor targeting and
tumorous accumulation of nanoprobes, one tumor
bearing mice were sacrificed at 4h post-injection of
nanoprobes, and solid tumors were extracted for histo-
chemical analysis. The CD44 expression of SCC-9 solid
tumor was firstly evaluated. According to the immuno-
histochemistry result (Additional file 1: Fig. S9), CD44
receptor are significantly over-expressed within tumor,
especially the margin region, where the cancer cells pro-
liferate and invade more rapidly. Therefore, the over-
expressed CD44 provides enough target sites for the
Fe'"TA@HA nanoprobes to bind with. In addition, two
adjacent tumor slices were subjected to hematoxylin-
eosin (H&E) and Prussian blue staining for the histo-
pathological analysis and iron assessment. As shown
in Fig. 3d and e, within the tumor tissue confirmed by
the cell morphology in H&E staining, the Prussian blue
signals can be readily observed. This histological analy-
sis implied that a certain amount of probe sdistributed
within the tumor at 4h post-injection, which strongly
confirmed the remarkable tumor-targeting specificity of
Fe"TA@HA nanoprobes.

Therapeutic efficacy of Fe''"TA@HA nanoprobes on tumors
invivo

Based on the catalytic and photothermal therapy in
cell level and the tumor targeted ability of nanoprobes
in vitro and in vivo, the anti-tumor therapeutic efficacy
of Fe"TA@HA nanoprobes was investigated in vivo. Just
like imaging experiments, the BALB/c nude mice bear-
ing SCC-9 subcutaneous tumors was adopted to mimic
the superficial SCC. Briefly, 20 tumor-bearing mice with
tumor volume ~25mm? were randomly divided into 5
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groups (n=4), which were receiving intravenous injec-
tion of PBS, PBS with 650nm NIR laser irradiation (1
W-cm™% 10min), first-line chemotherapy drug of SCC
(cisplatin), Fe''TA@HA nanoprobes, and Fe''TA@
HA nanoprobes with 650nm NIR laser irradiation (1
W-cm™2 10min), respectively. In order to optimize the
PTT effect,

the laser irradiation time point was determined at
1-2h post-injection according to the MRI results men-
tioned before. The schematic illustration of the therapy
process was shown in Fig. 4a.

In order to quantitatively evaluate the therapy effi-
cacy, the tumor sizes were measured every day during
the whole period of treatment (Fig. 4b). Quite remark-
ably, compared with PBS control group, the probe +laser
treatment of tumor can significantly slow the tumor
growth. In contrast, without the aid of nanoprobes,
650nm laser exposure had no significant impact on
tumor growth in comparison with mice treated with only
PBS. In addition, without laser irradiation, the nanoprobe
alone also presented a certain therapeutic efficacy in
comparison with PBS group, which was comparable with
the single dose of cisplatin treated group. Considering
the catalytic therapy capability of nanoprobes confirmed
in cell level, this in vivo therapeutic effect of nanoprobes
alone can be mainly attributed to the ROS accumulation
and GSH depletion induced cell death.

According to the tumor measurement data on the last
day of treatment course (10day post-treatment), the
tumor receiving the Fe!" TA@HA nanoprobes and 650 nm
laser irradiation exhibited a smallest volume (12.9-fold
of the original) compared with the controls (p<0.001).
In addition, the tumors receiving only the Fe''TA@HA
nanoprobes treatment displayed a 26.6-fold increase
in volume, which is higher than that of laser irradiation
groups, but significantly smaller than that of PBS and
PBS +laser group with 54.9-fold and 57.8-fold increase
(p<0.001), respectively. In addition, during the treatment
process, the body weight of mice from probe + laser and
probe alone groups showed the same increasing trend as
that of the PBS and PBS +laser groups (p >0.05). In con-
trast, cisplatin would significantly lead to the weight loss
of mice (p <0.05), as displayed in Fig. 4c, indicating that it
may have some side effects on mice bodies.

To directly evaluate the tumor therapeutic effects of
these treatment groups, the mice were sacrificed after
10-day treatment course and then the tumor tissues were
harvested. As shown in Fig. 4d, the tumors from mice
receiving the Fe"TA@HA nanoprobes with PTT were
remarkably smaller than that of mice receiving PBS in
diameter, and the size relationship of the tumors in differ-
ent groups ex vivo was consistent with that measured at
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Fig. 4 a Schematic illustration of SCC-9 subcutaneous tumor establishment, Fe"TA@HA nanoprobes administration modalities, and therapeutic
approaches. b Growth curves of SCC-9 tumors and c fluctuation of the body weight of mice in different groups during treatment. d Photographs
of the dissected tumors from each group after 10days of treatment. Data in frame b and ¢ plotted as mean =+ standard deviation, n=4. Statistical
significance was determined by one-way ANOVA with a Tukey’s post hoc test (***p <0.001; *p <0.05; N.S. Not statistically significant, p > 0.05)

the last day of treatment in vivo. Therefore, both in vivo
and ex vivo results suggested that the current nanoprobe
exhibited a significant antitumor efficacy.

Overall, on the basis of the above tumor treatment
experiments, the Fe"TA@HA nanoprobes could not
only prevent the proliferation of tumor cells by them-
selves, but also served as a powerful PTT agent for tumor
physiotherapy. This combined multimodal therapy can
undoubtedly pave a new way for the superficial SCC
treatment.

To provide much deeper insights into the mecha-
nism of antitumor effect of Fe'"TA@HA nanoprobes
in vivo, the tumor tissue slices from the treatment
groups including probe + laser, probe, PBS + laser, and
PBS were also subjected for histochemical analysis.
According to the H&E staining given in the first row
of Fig. 5a, after probe-enhanced PTT of tumor, the cell
nuclei were atrophied with the deeper staining, and cell
density in the tumor tissue was significantly reduced,
which suggested that the PTT can largely destroy the
structure of tumor cells. In addition, without laser
irradiation, the infiltration of inflammatory cells could
be observed in the tumor area after the treatment of

probe, suggesting that the probe may spark the immune
reaction against tumor. Furthermore, the immunohis-
tochemical and immunofluorescence studies were also
carried out to disclose the molecular and cell biological
mechanisms of nanoprobe against cancer. As shown in
the second and third row of the Fig. 5a, the proliferating
cell nuclear antigen (PCNA) and cell cycle-associated
protein Ki 67 were barely expressed in the tumor cells
after the probe-enhanced PTT in comparison with PBS
group, which suggested that the PTT effectively inhibit
the proliferation of tumor cells. In addition, both the
PCNA and Ki 67 of tumor cells also apparently down-
regulated after treating with the nanoprobe alone,
which confirmed that the current nanoprobes can con-
tinuously prevent the proliferation of tumor cells in a
long period after one dose treatment. These results are
in coincidence with the.

macroscopic tumor suppressive effect shown in tumor
growth curves (Fig. 4b), In addition, through the caspase
3 staining presented in the last row of Fig. 5a, a great
percentage of caspase 3-positive cells can be observed
after probe-enhanced PTT, indicating that the apoptotic
process was occurred in the tumor tissue. Moreover, the
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Fig. 5 aThe H&E, Ki 67, PCNA, and Caspase3 staining images of the tumor slices after 10 d treatments. b The CD4/CD8 and TNF-a/IFN-y staining
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caspase 3-positive cells can be also found in the tumor
slices of mice treated with the nanoprobes alone, imply-
ing that the nanoprobes can also induce the apoptosis of
the tumor cells in a long period after medication. Consid-
ering the catalytic therapy capability of nanoprobes con-
firmed in vitro, it can be reasonably speculated that the
apoptosis of tumor cells is caused by the oxidative stress.
In addition, in comparison with the probe-related treat-
ments, the only laser treatment hardly affects the growth
of tumor cells, which is consistent with the tumor growth
trend shown in Fig. 4, further highlighting the photother-
mal ability of the current nanoprobes.

Apart from the above histochemical studies, the
recent studies have shown that the HA molecules
bound on the tumor cells can guide the lymphocytes

to migrate deep into the tumors, thereby enhancing the
efficacy of immunotherapy (IT) [46]. Very interestingly,
among the different lymphocytes, the CD4* and CD8"
T cells have been confirmed to not only suppress the
tumor growth through secreting various cytokines, but
also enhance ferroptosis-specific lipid peroxidation in
tumor cells [47]. If so, these different antitumor path-
ways will fight against cancer synergistically in the cur-
rent work. To test this hypothesis, the expression levels
of CD4 and CD8 in tumor slices were evaluated. As
shown in Fig. 5b, the contents of both CD4 (red) and
CD8 (green) was significantly up-regulated within the
probe-treated tumor tissue compared with the PBS-
treated one, implying that the nanoprobes can recruit
a large amount of CD4" helper T lymphocytes (Th)
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and CD8" cytotoxic T lymphocytes (CTL) deeply into
the tumor tissues. In addition, the tumor necrosis fac-
tor (TNF)-a and interferon (IFN)-y, the cytokines that
can be released by effector CD8% Th or CD4" CTL
to inhibit tumor growth and promote tumor immu-
nity, were also detected through immunofluores-
cence staining. As a result, both the TNF-a (red) and
IFN-y (green) are appeared to be dramatically up-reg-
ulated in the tumor tissue after probe treatment. These
results suggested that the antitumor immune response
was successfully activated by nanoprobes, and the IT
is also one of the pathways of the nanoprobes to fight
against tumor cells.

Combined the dual-stimuli triggered Peroxidase-like
capability, and the results of in vitro/in vivo experiments,
it can be concluded that the Fe'"TA@HA can quickly
eradicate a large part of tumor cells through an MRI-
guided instantaneous PTT, and continuously prevent
the proliferation of the surviving tumor cells through the
long-term hybrid ferroptotsis/apoptosis. Meanwhile, the
nanoprobes can also promote the recruitment of immune
cells such as CD4" Th and CD8" CTL cells to accumulate
in the tumor area to inhibit the tumor growth through
the cytokines secretion and ferroptotsis enhancement.
These synergistic effects can perform an outstanding
tumor treatment efficacy of tumor, especially for the
superficial SCC herein.

In vivo biosafety evaluation of nanoprobes

In the previous work, after intravenous medication, most
nano-agents would be recognized by the immune sys-
tem, and then largely captured by the reticuloendothelial
system (RES), such as lung, liver, and spleen [48]. Such
undesired retentions potentially cause unpredictable side
effects of the body, which has aroused concerns among
researchers. To study the clearance of the Fe"TA@HA
nanoprobes, two representative BALB/c nude mice were
sacrificed at 4h or 15 d after the injection of nanoprobes,
and the main organs of them were extracted and cut into
slices for histological analysis. According to the Prussian
staining, at 4h post-injection, the probes were only mar-
ginally retained in the lung, but had already been cleared
in other main organs. By the 15days, the lungs-trapped
probes were also eliminated completely, indicating that
the current probes have excellent biosafety without
undesired retention in vivo (Additional file 1: Fig. S10).
In addition, these main organs of mice were also exam-
ined by H&E staining to show the cell morphology for
determining whether there was potential organ injury
after probe treatment (Additional file 1: Fig. S11). The
results further revealed that there were no noticeable
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inflammation or damage in any major organs induced by
the Fe''TA@HA probes both at 4h and 15 d.

Apart from the representative histological analysis,
the elimination process of the nanoprobes were fur-
ther investigated through MR studies. Specifically, three
BALB/c mice were administrated with nanoprobes, and
the pharmacokinetic behaviors of nanoprobes in liver,
kidney and spleen were quantitatively measured by the
R, values, as displayed in Fig. S12. The R, values of liver,
spleen, and kidney increased within the 48h after medi-
cation. Nevertheless, the R; values of all these organs
return to the pre-injected level after 120h, suggesting
that the nanoprobes could be gradually eliminated from
the body within several days. All of these results indi-
cated that the Fe''TA@HA nanoprobes are rather safe at
the present dose level for SCC theranostic applications.

Conclusion

In summary, a novel pH/HAase dual-stimuli triggered
smart nanoprobe Fe'TA@HA has been designed and
prepared through the biomineralization of Fe*™ and
polyphenol TA under the control of HA matrix to real-
ize precise theranostics of superficial SCC. With the HA
residues on the outer surface, Fe'"TA@HA nanoprobes
can specifically target the CD44 receptors over-expressed
on the SCC cells and accumulate in the carcinoma region
after intravenously administration. The abundant HAase
in carcinoma TME will trigger the degradation of HA
molecules, thereby exposing the Fe"TA complex. After
ingesting by tumor cells via CD44 mediated endocyto-
sis, the acidic lysosomal condition will further trigger the
protonation of TA molecules, finally leading to the Fe3™
release of nanoprobe. Subsequently, these released Fe>™
ions can induce a hybrid ferroptosis/apoptosis of tumor
cells through peroxidase activity and GSH depletion. In
addition, Owing to the outstanding 7', MRI performance
and phototermal conversion efficiency of nanoprobes,
the MRI-guided PTT can be also combined to comple-
ment the Fe>*-induced cancer therapy. Meanwhile, the
nanoprobes can also promote the recruitment of immune
cells such as CD4" Th and CD8" CTL cells to accumulate
in the tumor tissues to inhibit the tumor growth through
the cytokines secretion and ferroptotsis enhancement.
As a result, through an instantaneous PTT, the current
nanoprobes can quickly eradicate a large part of tumor
cells, and continuously prevent the proliferation of the
surviving tumor cells through the long-term apoptosis/
ferroptosis and IT, thereby performing an outstanding
tumor treatment efficacy. As for the safety evaluation,
the Fe'TA@HA nanoprobes can be eliminated from
the body gradually within several days, and no obvious
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adverse side effect was observed through the organ tis-
sue histological analysis, which confirmed the biosafety
features of the nanoprobes. We thus believe the current
nanoprobes has huge potential in clinical translation in
the field of precise diagnosis and intelligent synergistic
therapy of superficial SCC. This strategy will promisingly
avoid the surgical defects, and reduce the systemic side
effect of traditional chemotherapy, paving a new way for
the future SCC treatment.
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