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Glutathione-Exhausting Nanoprobes for NIR-II
Fluorescence Imaging-Guided Surgery and
Boosting Radiation Therapy Efficacy via
Ferroptosis in Breast Cancer
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ABSTRACT: Breast-conserving surgery (BCS) is the standard of care ~ NIR-II Im
for early breast cancer patients, while the high ratio of reoperation is still STE S .f'““ﬁe
a challenge due to inaccurate margin assessments. In patients with N\ g /
locally advanced or advanced breast cancer, radiotherapy is an important G.SH\ e GPXA,
treatment for local control or improvement of quality of life. However, T
enhancing sensitization to radiotherapy is an unmet medical need. To
solve the above clinical predicaments, a glutathione (GSH) exhausting
virus-like silicon dioxide nanoprobe with Gd coating and folic acid (FA)
modification is designed. After loading ICG in the mesopores, the
VGd@ICG-FA probe efficiently targets tumor cells with high resolution,
due to its virus-like morphology and folate acid anchoring. Especially,
the fabricated nanoprobe enables the identification of tiny cancers and navigates precise surgery under NIR-II fluorescence
imaging. Moreover, after the nanoprobes enter into the cytoplasm of cancer cells, tetrasulfide linkages in the silica framework
are broken under the triggering of high GSH concentrations. In turn, the broken framework exhausts GSH to disrupt
intracellular reactive oxygen species (ROS) homeostasis, and Gd produces more ROS under radiotherapy, further activating
ferroptosis, and resulting in the enhancement of radiotherapy in breast cancer. Therefore, our nanoprobe exhibits tremendous
potential as a NIR-II fluorescence imaging agent with no systematic side effects for precise cancer surgery and
nanotherapeutics for boosting radiation sensitivity in future clinical translation of breast cancer.
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malignant tumor globally." Currently, most patients

with stage 0 to II breast cancer, also called early stage
breast cancer patients, are recommended to undergo breast-
conserving surgery (BCS).2 However, the reoperation rate for
BCS ranges from 10 to 54% in America and 12—30% in the
United Kingdom with a high risk of recurrence.”™ The main
reason for the high reoperation rate is lacking effective means
to display the tumor boundary intraoperatively, so the
surgeons rely mainly on clinical experiences, like palpation
and inspection which is prone to misjudgment. Although
intraoperative frozen section analysis and imprint cytology are
conducive to diagnosing positive margins, they cannot reflect
the intact tissue and have 5—15% discrepancies with
permanent pathology after surgery.6 Consequently, it is crucial
to develop methods for accurately identifying margins when
performing BCS. Fluorescence imaging of near-infrared light in

B reast cancer has become the most commonly diagnosed
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the first window (NIR-I, 650—900 nm) provides a modality for
precise surgical navigation in real-time.”® Besides, the NIR-I
fluorescence imaging-guided surgery can assist to find the
residual tumor tissues in the whole section surface.” However,
the clinically used fluorophores, such as S-aminolevulinic acid
(5-ALA),"" methylene blue (MB),"" and indocyanine green
(ICG),"” have some restrictions such as photobleaching,13
short blood half-life,'* and nonspecific targeting properties.' >
Especially, the poor penetration depth and low tumor-to-
background ratio (TBR) are insufficient for deep tissue

Received: January 12, 2023
Accepted: June 1, 2023
Published: June 5, 2023

https://doi.org/10.1021/acsnano.3c00350
ACS Nano 2023, 17, 11345—-11361


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingwen+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kangliang+Lou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiyang+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruichan+Lv"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peiyuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaolong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaolong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guojun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c00350&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00350?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00350?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00350?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00350?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00350?fig=agr1&ref=pdf
https://pubs.acs.org/toc/ancac3/17/12?ref=pdf
https://pubs.acs.org/toc/ancac3/17/12?ref=pdf
https://pubs.acs.org/toc/ancac3/17/12?ref=pdf
https://pubs.acs.org/toc/ancac3/17/12?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Nano

Www.acsnano.org

NIR-Il imaging-
guided surgery

\\ 2 - : nhaneed
e radiotherapy;
efficacy)

Figure 1. Schematic illustration of VGd@ICG-FA nanoprobe fabrication for NIR-II fluorescent image-guided breast cancer surgery and

ferroptosis enhanced radiosensitization.

imaging.'” It is sorely urgent to generate a probe with relatively
longer-wavelength fluorescence emission, tumor-specific tar-
geting, and antiphotobleaching properties.

The second near-infrared region (NIR-II, 1000—1700 nm)
can significantly reduce scattering and biological tissue
autofluorescence, enabling deeper and high-fidelity optical
tumor imaging.'® Although ICG has off-peak emission spectra
in NIR-II and has been extensively explored for surgical
navigation, the lack of antiphotobleachin§ and tumor tissue
recognition abilities are still concerning.'””® According to our
previous work, ICG loaded into mesopores of the nanocarriers
could substantially increase the antiphotobleaching perform-
ance.”' Heretofore, up to 13 clinical studies have confirmed the
biosafety and efficacy of mesoporous silica nanoparticles
(MSN) for drug delivery, diagnostics, and therapeutics in
humans,”* and silica nanoparticles can increase the bioavail-
ability of drugs by up to 3.5 times.””* Specifically, after
loading ICG into the mesopores of MSN, the fluorescence self-
quenching effect can be attenuated.”® Meanwhile, virus-like
silica nanoparticles with excellent adhesion to cell membranes
and tumor retention are becoming the research priorities.”**”
Since the folic acid receptor (FOLR1) was highly expressed in
breast cancer,”””” we synthesize an advanced virus-like
mesoporous silicon with folic acid (FA) modification for
precise delivery of ICG for real-time discrimination of positive
margins in BCS.

Additionally, radiation therapy (RT) is often used for the
palliative treatment of patients with advanced breast cancer in
recent years. However, owing to the low sensitivity to RT, 56%
of advanced breast cancer patients metastasize 14 months after
radiotherapy.”® Moreover, it gives an insufficient irradiation
dose to damage tumors due to the limitation of normal tissue
tolerance dose.”’*> Hence, the enhanced sensitivity to
radiation and precise RT are prominent directions in clinical
practice. Ferroptosis has been preliminarily explored to be
closely related to the sensitivity of radiotherapy and this effect

can be eliminated by ferroptosis inhibitors.”>~** Ferroptosis is
defined as programmed cell death based on lipid peroxidation
(LPO) which is directly induced by reactive oxygen species
(ROS).*>* 1t has three main properties: high ROS levels,*
low glutathione (GSH) concentration and glutathione
peroxidase 4 (GPX4) expression,”® and LPO initiated by
high ROS.** Because of the high atomic number element
gadolinium (Gd), which possesses a larger X-ray photon
capture cross section and Compton scattering effect, Gd-
loaded MSN is a good RT sensitization strategy to excessively
produce intracellular ROS upon radiation exposure.*’ Mean-
while, high levels of GSH can be detected in tumor cells, which
is about 10—1000-fold higher than in normal cells."" MSN
containing tetrasulfide bonds are able to deplete intracellular
GSH content and increase the ROS level by GSH redox.””
Thereby, it would be ideal to design an effective Gd and
tetrasulfide composite MSN that presents GSH exhausting
capability and ROS generating capacity for maintaining high
ROS in cancer cells, so that the ROS induced by two ways can
adequately mediate LPO and thus achieve greater sensitivity to
RT.

Herein, our present study aimed to design a multifunctional
nanoprobe that is able to guide BCS of early stage breast
cancer and boost the radiotherapy sensitization efficacy via
ferroptosis of advanced breast cancer. As shown in Figure 1, we
successfully synthesized a Gd-coated and tetrasulfide bonds
doped mesoporous virus-like SiO, nanoprobe with surface
modification of FA (VGd@FA). Encapsulating ICG within
nanoprobes (VGd@ICG-FA) effectively delayed the time of
photobleaching, which led to a stable imaging effect for ICG to
guide surgical navigation. The virus-like morphology enabled
potent tumor cell adhesion and enhanced cellular uptake
efficiency. After intravenous injection into the tumor-bearing
mice, it could also be precisely concentrated in the tumor site
and brought a higher TBR than that of ICG alone (8.26 + 0.83
vs 1.76 £ 0.06, p < 0.0001). In addition, this probe successfully
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Figure 2. Characterization of nanoprobes. (a) TEM images of VSN (i), VGd (ii), VGd@ICG-NH, (iii), and VGd@ICG-FA (iv). (b) HAADF-
STEM image and element mappings of VGd. (c) Diameter distribution of VSNs, VGd, and VGd@ICG-FA. (d) UV—NIR absorption
spectrum of ICG, VSN, and VGd@ICG-FA. (e) Zeta potential changes on the process of synthesis of VGd@ICG-FA. (f) Fluorescence
emission spectrum of ICG, VSN, and VGd@ICG-FA. (g) NIR-II fluorescence images of ICG and VGd@ICG-FA under continuous irritation
of 808 nm laser. (h) The corresponding quantitative statistics of mean fluorescence intensity in g. The data are shown as the mean + SD (*p

< 0.08, *¥p < 0.01, ¥¥¥p < 0,001, **¥¥4p < 0,0001).

guided the precise resection in multiple breast cancer models
with the complete removal of at least 1 mm® solid tumors.
Besides, the doped tetrasulfide linkages reduced the GSH
concentrations in tumor cells, which in turn induced
ferroptosis. Most importantly, VGd@ICG-FA boosted the
radiation therapy efficiency via ferroptosis, specifically with
GSH depletion, GPX4 downregulation, ROS accumulation,
and LPO activation. Furthermore, safety indicators showed
that our nanoprobes did not bring significant safety concerns.
Our findings show the multifunctional GSH-depleted nanop-
robe’s significant potential for promoting the accuracy of
tumor excision under NIR-II fluorescence imaging-guided BCS
and improving RT sensitization through ferroptosis in breast
tumor ablation.

RESULTS

Synthesis and Characterization of VGd@ICG-FA. As
schematically illustrated in Figure 1, VGd@ICG-FA was
synthesized in an oil/water reaction system and further
underwent Gd,Oj; coating, ICG loading, and FA modification.
First, virus-like tetrasulfide bonds doped silica nanoparticles
(VSNs) were synthesized in a biphase reaction system with
hexadecyltrimethylammonium bromide (CTAB) as a struc-
tural template. Here, a mixture of tetraethyl orthosilicate
(TEOS) and bis[3-(triethoxysilyl)propyl]tetrasulfide (BTES)
was used (weight ratio TEOS:BTES = 8:1) as the tetrasulfides
doped silica precursor, and NaOH was set as a catalyst. Thus,
VSNs with GSH-exhausting ability were successfully synthe-
sized after 72 h stirring at 60 °C. Transmission electron
microscopy (TEM) images of obtained nanoparticles clearly
demonstrated that monodispersed VSNs had virus-like

https://doi.org/10.1021/acsnano.3c00350
ACS Nano 2023, 17, 11345-11361


https://pubs.acs.org/doi/10.1021/acsnano.3c00350?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00350?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00350?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00350?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

36 h

120
£100
80
60
40
20

m MCF-10A mm 4T1

Cell viability (

0 4 8 16 32 64 128 256
Concentration (pg/mL)

—Ctrl — MSN@ICG — VGd@ICG

GSH% in 4T1 Cells
o
(=}

0 16 32 64128 1
Concentration (ug/mL)

-

DAPI|

ICG

0.5h

2 10° 107 108 1081

1h 2h

02 10° 104 10° 108102 10° 10* 10° 10°
Fluorescence Intensity (a.u.)

-~

FOLR1

VGd@ICG-FA VGd@ICG MSN@ICG

= EETi]
=]
-
* 2
3
VGI@ICG = 1
= ™
VGO@ICG-FA = 0

10%10° 10410° 108 Ctr VGd VGI@ICG
Fl(a.u.) @ICG  FA

FOLR1 mRNA

—

[=2]
I

*xkk]

-38kDa

N
L

GAPDH' ——— ——

]—45kDa

o
I

Relateive expressicn level
(normalized to MCF-10A)
IS

Figure 3. GSH-responsive and cellular uptake of VGd@ICG-FA nanoparticles. (a) TEM images of VGd@ICG-FA immersed in PBS or 10
mM GSH solution for various durations. (b) Cell viability analysis of MCF-10A and 4T1 cells incubated with VGd@ICG-FA of a series of
concentrations. (c) GSH concentration in 4T1 cells after incubation with VGd@ICG-FA at various concentrations. (d) TEM image of
MSN@ICG. (e) Flow cytometry results of 4T1 cells after incubation with MSN@ICG or VGd@ICG at different time points, respectively. (f)
The CLSM results of 4T1 cells after being treated with MSN@ICG, VGd@ICG, and VGd@ICG-FA for 2 h. (g) The corresponding
quantitative statistics of mean fluorescence intensity in e. (h) Flow cytometry analysis of 4T1 cells after incubated with VGd@ICG and
VGA@ICG-FA for 4 h (left) and the corresponding quantitative statistics of mean fluorescence intensity (right). WB results (i) and mRNA
expression levels (j) of FOLRI expression in normal breast epithelial cells and different breast cancer cell lines. The data are shown as the

mean + SD (*p < 0.05, *¥p < 0.01, **¥p < 0.001, ***¥*p < 0.000

1).

morphology with a uniform size of ~56 nm (Figure 2a-i).
Then, Gd,0; was successfully wrapped on VSN after a 12 h
reaction under the presence of a reducing agent (hexamethy-
lenetetramine) with GdCly;:6H,0 as the Gd-based precursor.
Scanning electron microscopy (SEM) image showed that VGd
preserved the virus-like rough morphology (Figure S1).
Obviously, the TEM image displayed the Gd deposition on
the surface of well-dispersed VGd (Figure 2a-ii). The element
distribution results of VGd proved that homogeneous Si, O,
Gd, and S elements were distributed throughout the entire
outside architecture of the nanoparticles (Figure 2b). More-
over, according to Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES) analysis, the Gd concen-
tration was calculated as 16%. Besides, from energy-dispersive
X-ray spectroscopy (EDS) data, the mass fraction ratio of Si,
Gd, and S was determined as 35.82:15.89:0.21 (Table S1).
These results demonstrated that Gd,O5 and tetrasulfide bonds
were successfully wrapped and codoped in the VSN,
respectively. Furthermore, to facilitate the following mod-
ification, VGd was amino-modified by using amino silane, (3-
aminopropyl)triethoxisilane (APTES) (VGd-NH,). After that,

11348

ICG was capsuled in VGd and the loading capacity was 10.26%
(w/w%) by referencing the standard calibration of ICG
(Figure S2). To confer tumor targeting ability to the
nanoparticles, FA was anchored on the VGd surface by a
common 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide
hydrochloride (EDC)/N-hydroxysuccinimide (NHS) reaction
(VGd@ICG-FA). During the synthesis process, VGd, VGd@
ICG, and VGd@ICG-FA were evenly dispersed in water
(Figure S3). During the ICG loading and FA motifs anchoring,
the obtained VGd@ICG-FA maintained a viral appearance
throughout (Figure 2a-iii, iv). Dynamic laser scattering analysis
suggested that the size of VSN, VGd, and VGd@ICG-FA
increased from ~56 nm to ~66 nm, verifying the successful
construction of VGd and VGd@ICG-FA step by step (Figure
2c). UV—vis—NIR absorption spectrum analysis of VGd@
ICG-FA and ICG exhibited the same characteristic peak at 780
nm, demonstrating that ICG had been successfully loaded into
the mesopores (Figure 2d). In the Fourier transform infrared
(FT-IR) spectrum of VGd@ICG-NH,, the C=C skeletal
vibrational of the benzene ring of ICG appeared at 1623, 1512,
and 1420 cm™, indicating that ICG was successfully loaded
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(Figure S4). In addition, after FA modification, the absorbance
significantly increased from 600 to 800 nm, suggesting the
efficient modification of FA (Figure 2d). Moreover, the zeta
potential of VGd-NH, dramatically increased from —29.46 +
10.84 to 31.25 + 121 mV, while after ICG loading, it
decreased appreciably (Figure 2e). Similar NIR-II spectral
characteristics were seen in both VGd@ICG-FA and ICG
when an 808 nm laser illumination was utilized with 1000 nm
long pass filters (Figure 2f). All the above findings suggested
the successful ICG loading and surface anchoring of FA in our
prepared silica-based NIR-II nanoprobes.

Since ICG is unstable and has a quenching effect in aqueous
solutions,** we explored whether loading it in the mesopore of
VGd would increase its stability and antiquenching property.
By measuring the absorption spectra several times within 96 h
under daylight exposure, the ICG aqueous solution only
remained at 8% of its fluorescence intensity, whereas VGd@
ICG-FA still presented 89% fluorescence intensities (Figure
SS). These results revealed the exceptional photostability of
ICG encapsulation in VGd@ICG-FA, laying the solid
foundation for subsequent bioapplications. Further, after
continuous irradiation of ICG and nanoprobes by an 808
nm laser, ICG was quickly quenched with over 30% of its
initial fluorescence intensity within 30 min. While VGd@ICG-
FA remained at more than 98% of its intensity (Figure 2g, h).
These results verified that nanoprobes could notably provide
an antiquenching effect of ICG, which made the probe suited
for long-term fluorescence imaging-guided surgical navigation
and precise radiotherapy monitoring.

GSH-Responsive and Cellular Uptake of VGd@ICG-
FA. Next, we studied the degradation tendency of tetrasulfide
bonds in the mesoporous framework under a simulated tumor
environment (10 mM GSH). TEM images recorded that at 4 h
incubation, some of the spine structures of VGd@ICG-FA
became shorter with most of the nanospikes disappearing after
12 h incubation with GSH. The core—shell nanoparticles
wholly degraded at 36 h (Figure 3a), while no apparent
counterparts decomposed in normal conditions during the
whole incubation period, demonstrating the biodegradable
capability under GSH triggering. Meanwhile, the release
profiles of ICG and Gd’* from VGd@ICG-FA were
investigated. The nanoprobes were added into the solutions
with 3 yuM or 10 mM GSH at 37 °C to simulate the plasma
and tumor intracellular environment, respectively.*** ICG
released rapidly in 10 mM GSH solution, achieving a
maximum release of 68.58% at 36 h (Figure S6). In contrast,
the ICG release rate was slow in the 3 uM GSH environment,
with only 7.47% release at S6 h in the end. Similarly,
undetectable Gd** was released in the low GSH environment.
Undoubtedly, these findings verify that electrostatic interaction
between the Gd,O; shell and VSNs is particularly stable in
stimulated physiological buffer. Furthermore, the released
concentration of Gd®" approximately reached the plateau level
at 36 h incubation with high GSH buffer. Therefore, the above
results confirmed that the tetrasulfide bonds in the probe
framework could be broken under a high concentration of
GSH, which realized the nanoprobe’s high targeted release
ability in the tumor environment.

Before the bioapplication, cell viabilities of normal and
tumor cells were explored after coculturing with the prepared
nanoprobes. Notably, the synthesized VGd@ICG-FA effec-
tively decreased the viability of the breast cancer cell line (4T1
cells) by 51.4% at 32 ug/mL. In comparison, the normal

mammary epithelial cells (MCF-10A cells) only presented
9.8% inhibition, demonstrating the high cell killing efficiency of
VGd@ICG-FA toward tumor cells and no obvious side effects
to normal cells (Figure 3b), which laid the solid foundation for
further animal experiments. Surprisingly, the cell viability study
showed that VGd@ICG-FA— (nontetrasulfide doping)
(Figure S7a) had little influence on the cell viability of
tumor cells. When the concentration increased to 256 ug/mL,
the cell survival rate of VGd@ICG-FA— was 4-fold higher than
VGd@ICG-FA (Figure S7b). This was mainly due to the
effective oxidative homeostasis disruption of VGd@ICG-FA
that induced intracellular GSH depletion and eliminated tumor
cells via ferroptosis.

GSH is an essential endogenous antioxidant that balances
cellular activity and signal transduction pathways.** GSH
depletion efficiently disrupts redox balance, thus elevating LPO
generated by intracellular ROS increasing and finally inducing
ferroptosis.”” The effect of VGd@ICG-FA on GSH depletion
promoted by the broken tetrasulfide bonds was investigated in
the 4T1 tumor cells. As shown in Figure 3¢, when 4T1 cells
were introduced with 16 ug/mL VGd@ICG-FA for 36 h, the
intracellular GSH concentration decreased by 5.05%. Notably,
when the nanoprobe was administrated at 128 ug/mL, GSH
concentration drastically dropped to 68.83%. The depletion of
the intracellular GSH ability of our nanoprobe enabled it to be
more useful for the disruption of redox homeostasis in tumor
cells and mediate ferroptosis for triggering tumor cell death.
Subsequently, we synthesized ICG-loaded mesoporous silicon
nanoparticles (MSN@ICG) as the control to explore the
benefits of virus-like morphology for cell membrane adherence.
The TEM results confirmed that the particle size of MSN@
ICG was comparable to that of VGd@ICG (~60 nm) (Figure
3d). The cellular uptake of VGd@ICG was significantly higher
than MSN@ICG after 0.5 h incubation (Figure 3e, g), and the
fast internalization rate could be attributed to the unique
topological structure.”” Confocal laser scanning microscopy
(CLSM) results also found that weaker red ICG signals were
observed in the MSN@ICG group at 2 h than that in the
VGA@ICG group (Figure 3f). Thus, all results proved the
enhanced cell uptake efficacy of VGd@ICG with a virus-like
appearance.

It has been published that folate receptor 1 (FOLRI1) is
highly expressed in numerous cell lines including breast
cancer.””” To explore if FOLRI could be the target for breast
cancer, the expression of FOLRI was investigated in four
representative breast cancer cell lines and normal breast cells
MCEF-10A. As expected, Western blot analysis and real-time
qPCR results showed that murine 4T1, human MCF-7, and
MDA-MB-231 cell lines highly expressed FOLR1 at both
protein and mRNA levels (Figure 3i, j), demonstrating that
FOLRI had the potential as an important breast cancer target.
It was found that compared with VGd@ICG, the uptake of
VGd@ICG-FA in 4T1 cells at 2 h increased sharply (Figure 3f,
h), demonstrating that the FA modification could further
facilitate nanoparticle internalization. The specific affinity for
tumor cells via virus-like nanostructure and FA modification
primarily ensured the targeting ability in vivo for the following
tumor surgery and radiotherapy.

In Vivo Targeted NIR-1l Fluorescence Imaging. Since
the nanoprobe had the property of outstanding targeting
capability toward breast cancer cells, we then validated the
targeting of VGd@ICG-FA in vivo using the transplant 4T1
tumor mouse model. After intravenous injection of the VGd@
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Figure 4. In vivo targeted fluorescent images of nanoprobes in breast tumor-bearing BALB/c mice. (a) Selected time points from NIR-II
fluorescent images of 4T1-Luc bearing mice after injected with VGd@ICG-FA, VGd@ICG, and ICG (n = 3). (b) The corresponding
quantitative statistics of tumor-to-background ratio in a. (c) Comparison of the specific tumor-targeting capacities of VGd@ICG-FA, VGd@
ICG, and ICG at maximal TBR (36 h). (d) NIR-II fluorescent images of the 4T 1-Luc tumor-bearing mouse with or without FA block before
injecting VGd@ICG-FA (left) and the corresponding quantitative statistics of tumor-to-background ratio (right). (e) NIR-II fluorescence
images (left) of organs and tumor excised 36 h after VGd@ICG-FA injection and quantitative fluorescent intensity analysis (right). The data
are shown as the mean + SD (¥p < 0.05, **p < 0.01, **¥p < 0.001, ***¥p < 0.0001).

ICG-FA nanoparticles into subcutaneous tumor-bearing mice,
the tumor fluorescence could be seen in 1 h, then the outline
of the tumor was clearly delineated within 36 h. The
fluorescence signal gradually attenuated and lasted for 120 h
postinjection which could be ascribed to the cell adhesion
ability of our nanoprobes (Figure 4a, b). All fluorescence signal
in tumor tissues in the VGd@ICG-FA group was profoundly
higher than that of the VGd@ICG group, suggesting the active
tumor recognition ability of FA. Furthermore, the peak TBR of
8.26 + 0.83 at 36 h in the VGd@ICG-FA group was ultimately
discovered, significantly higher than that of VGd@ICG groups
(5.19 + 0.17) (Figure 4c). This result coincided with the total
biodegradation time in Figure 3a, reflecting the reliability of
VGd@ICG-FA for pinpointing tumor location. Considering
the highest TBR at 36 h, all the following in vivo surgeries and
treatments were performed at this time point. In contrast, ICG
was totally metabolized within 36 h on account of its short
biological blood half-life and lack of tumor targeting capability
(Figure 4a, b). Tumor targeting in vivo was further confirmed
by preinjection of a blocking dose of the FA before the VGd@
ICG-FA treatment. In this case, feebler tumor fluorescence
could be observed owing to FA blocking (p < 0.0001).
Nonspecific uptake of VGd@ICG-FA brought about the
highest TBR of 4.16 = 0.21 at 36 h postinjection (Figure 4d).
Since most of the FDA-approved MRI contrast agents utilize
Gd to produce an increased signal on T;-weighted images,”” in
addition to the NIR-II fluorescence imaging, we further
verified the targeting ability of our nanoprobes using MRI
Both MRI signals from VGd@ICG-FA and the clinical contrast

agent Gadoteric Acid Meglumine (GAM) groups significantly
enhanced under a 1.5 T magnetic field. GAM showed the
highest MRI signal in tumor tissue at 1 h postinjection, while
VGd@ICG-FA peaked at 36 h and maintained signal intensity
over 96 h, implying the great potential of VGd@ICG-FA for
MRI-mediated tumor diagnosis (Figure S8a, b). Particularly,
the highest TBR of VGd@ICG-FA was observed at 36 h,
which was prominently higher than that of GAM at 1 h (Figure
S8¢c). This tumor maximum accumulation time point is
consistent with NIR-II fluorescence imaging, validating the
superior tumor targeting effect of our nanoprobe. To evaluate
the biodistribution of VGd@ICG-FA in major organs, ex vivo
NIR-II fluorescence imaging was also performed 36 h after
injection (Figure 4e). The findings indicated that the
fluorescent signal in the tumor site was predominantly
concentrated, and fainter fluorescent intensity was discovered
in reticuloendothelial system organs (liver and spleen),
conclusively demonstrating the active recognition effect of
VGd@ICG-FA to the tumor and notable ICG release under
GSH stimuli.

NIR-Il Fluorescent Imaging-Guided Tumor Resection
in Microtumor-Bearing Mice Model and Residual
Tumor Model. Encouraged by the aforementioned tumor-
targeting capabilities of VGd@ICG-FA, we employed a
microtumor mouse model to verify if the fluorescent
nanoprobe could distinguish tiny tumors intraoperatively. We
built tumors with volumes ranging from 1 to 10 mm?® on the
backs of mice by varying the concentration of 4T1-Luc cells
injection. The bioluminescence signal and tumor fluorescence
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signals were consistent (Figures Sa, b and S9), and tiny tumors
were completely removed under NIR-II fluorescence imaging
assistance. The pathological staining further confirmed seven
distinct tumor boundaries (Figure Sc), suggesting that NIR-II
fluorescence imaging-guided tumor surgery via VGd@ICG-FA
had high dependability of intraoperatively outlining entire
borders of small metastases.

Additionally, to assess the possibility of employing
fluorescence image-guided surgery in accurately pinpointing
any remaining malignancies, we built a 4T1-Luc residual tumor
mouse model. First, tumor locations were evaluated by
bioluminescence with an injection of D-luciferase potassium
(Figure 5d, h). In the VGd@ICG-FA group, the nanoprobe-
identified tumor profile had a high resolution and penetration
depth compared to bioluminescence. After 36 h postinjection
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of VGd@ICG-FA nanoprobe, the tumors were removed as
entirely as possible under white light (T1, Figure Se, f).
Immediately afterward, the margin was observed under the
NIR-II system to see if any signal remained. The residual tissue
lightened up by the remaining NIR-II signal was removed
thoroughly under fluorescence imaging (second fluorescent
resection, T2, Figure Se, f). Then, T1, T2, and muscle tissue
from the negative bed were sliced for H&E staining. The H&E-
stained images of dissected tissues clearly demonstrate the
margins between the tumor and normal tissue, and no
remaining tumors were observed in the muscle tissue. The
fluorescence signal in tumor tissue was higher than that in
para-tumor and normal tissue (Figure S1), agreeing well with
H&E staining. Simultaneously, 14 days after the surgery, no
bioluminescence or NIR-II fluorescence was observed after the
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injection of Dp-luciferase potassium and VGd@ICG-FA,
representing the precise identification of the positive margin
(Figure Sg). However, in the ICG group, only a weak
fluorescence signal in the tumor site was found due to tumor
targeting deficiency, highlighting an ICG utilization drawback
in clinical surgery (Figure Si). Similarly, in the ICG group, the
tumor incision was carried out in white light first and no
residual fluorescent signal was observed at the margin (Figure
5i). After 14 days, the recurrent tumor was clearly identified via
NIR-II fluorescence image and bioluminescence image after
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being injected with VGd@ICG-FA and p-luciferase potassium,
respectively (Figure Sj). Finally, bioluminescence revealed a
tumor recurrence rate of 75% (6/8) at 14 days in the ICG
group and 87.5% (7/8) mice in the white light control group.
By contrast, a recurrence rate was calculated as 12.5% in the
VGd@ICG-FA group (Figure S10). Furthermore, VGd@ICG-
FA was found to be efficacious in prolonging the survival rate
(87.5%) during 60 days compared with the ICG group (25%)
and white light group (12.5%) (Figure Sk). These results
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Figure 7. VGd@ICG-FA enhances radiotherapy sensitivity by ferroptosis through the GSH-ROS-LPO pathway in vitro. (a) Cell viability
analysis of 4T1 cells after incubation with different formulations for 36 h. (b) Colony formation assays using 4T1 cells incubated with
different formulations (above). CLSM images of live/dead assay using 4T1 cells (down). (c) The quantitative analysis of cloning forming
efficacy in b. (d) TEM images of mitochondria in 4T1 tumor tissue after different treatments. (e¢) CLSM images of ROS in 4T1 cells after
different treatments. (f) The quantitative analysis of mean fluorescence intensity in e. (g) CLSM images of Liperfluo in 4T1 cells after
different treatments. (h) The quantitative analysis of mean fluorescence intensity in g. (i) Cytomembrane lipid ROS analysis after different
treatments by flow cytometry. (j) The quantitative analysis of mean fluorescence intensity in i. (k) Western blot assays of the levels of GPX4
protein in 4T1 cells after VGd@ICG-FA inhibition and the level were reversed by Ferrostatin 1. (1) The quantitative analysis of mean
fluorescence intensity in k. The data are shown as the mean + SD (*p < 0.0S, *#p < 0.01, **¥p < 0.001, ***¥p < 0.0001).

confirmed the efficacy of the nanoprobe for complete tumor
dissection under NIR-II fluorescence imaging.

NIR-Il Fluorescence Targeted Imaging-Guided Sur-
gery in Spontaneous Breast Cancer Mouse Model. Based
on our success in the subcutaneous 4T 1-bearing tumor model
above, the MMTV-PyMT mouse model was chosen to depict
spontaneous breast tumor development in humans to further
validate the targeting property of our nanoprobes.”” After
intravenous injection of VGd@ICG-FA for 36 h, MMTV-
PyMT+ mice showed substantially greater mammary gland
fluorescence signals both in vivo and ex vivo than MMTV-
PyMT— mice with healthy breast tissue (Figures 63, b, ¢, and
S11). Fluorescence intensity quantitative analysis showed that
the VGd@ICG-FA in mammary tumors was 7.59 times higher
than in normal tissues, which was high enough to significantly
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distinguish tumors from normal mammary tissue (Figure 6d,
e). Similarly, we conducted surgical navigation in the MMTV-
PyMT+ mouse model. After the tail vein injection of VGd@
ICG-FA for 36 h, 5 pairs of mammary tumors were excised in
segments under NIR-II fluorescent imaging navigation (Figure
6f). The mean fluorescence intensity of resected tumors was
much higher than that of the adjacent muscle tissue with a
tumor/muscle (T/M) ratio of 8.01 + 0.62 (Figure S12). The
tumor sections then underwent H&E staining and NIR-I
microscopic fluorescence imaging analysis. The microscopic
fluorescence intensity distinctly differentiated between cancer
tissues and nearby muscle tissues, and they coincided with the
outputs of the H&E staining results (Figure 6g), indicating the
nanoprobe could accurately identify tumor margins. The T/M
ratio was up to 8.14 + 0.51 (Figure 6h), which showed good
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Figure 8. In vivo precise radiotherapy evaluation and enhanced radiotherapy sensitization by ferroptosis. (a) Schematic illustration of
radiotherapy enhanced by ferroptosis in 4T1-Luc bearing mice with NIR-II fluorescent imaging guidance. (b) In vivo NIR-II fluorescent
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weights of mice on day 15 after different treatments. (f) Survival curves of the mice with different treatments. (g) GSH concentrations in
tumor tissue after various treatments. (h) Average optical density analysis of GPX4-stained images of mice after various treatments of 15
days. (i) H&E and immunohistochemistry analysis of GPX4 and Ki67 from different groups of mice at 15 days of treatments. The data are
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agreement at the tissue level in Figures 6e and S12.
Surprisingly, the lymph nodes displayed relatively higher
fluorescence intensity, leading to the potential of guiding
sentinel lymph node biopsies via our fabricated NIR-II
nanoprobes (Figure 6i) and this was worth further exploration.
Generally speaking, the above different tumor models
indisputably demonstrated high dependability in NIR-II
fluorescence imaging-guided tumor surgery.

VGd@ICG-FA Enhanced Radiosensitivity In Vitro by
Inducing Ferroptosis through the GSH-ROS-LPO Path-
way. BCS is the recommended route of therapy for early
breast cancer, while for patients with advanced breast cancer,
RT is a crucial palliative option.”® As our nanoprobe enables to
promote the production of ROS, we speculate if it could
promote radiotherapy efficacy. Thus, we investigated the
efficiency of VGd@ICG-FA for the radiosensitivity of 4T1
cells. VGd@ICG-FA incubated with 4T1 tumor cells caused a
reduction in cell viability after X-ray irradiation (47%)
compared to the single radiation (74%) and the VGd@ICG-
FA group (84%) (Figure 7a). In addition, similar decrease
trends in colony formation assay and live/dead staining images
were found (Figure 7b). Interestingly, VGd@ICG-FA
combined RT treatment decreased colony formation sharply
to 2.5% (Figure 7c). Accordingly, we compared the effect of
radiotherapy sensitization by yH,AX immunofluorescence
analysis’’ to see the extent of DNA double-strand breaks.
We found that the DNA damage level of VGd@ICG-FA
combined RT treatment was significantly higher than that of
the RT group, further confirming the exceptional radio-
sensitization enhancement of our Gd-based nanoprobes under
X-ray irradiation (Figure S13). In conclusion, the above results
confirmed the probe’s crucial effect on radiotherapy sensitiza-
tion.

Previous experiments verified that our probe disrupted
intracellular redox homeostasis and reduced GSH levels.
Therefore, we speculated that the probe could trigger
ferroptosis and that the Gd-induced massive production of
ROS during radiotherapy could further enhance ferroptosis,
which may finally induce potent radiotherapy sensitization. We
further explored the mechanisms underlying nanoprobe-
induced ferroptosis. The cytotoxicity decreased from 66% to
47% (p < 0.0001) after adding the ferroptosis inhibitor,
Ferrostatin 1 (Fer) (Figure 7a). And Fer reversed the cloning
forming rate from 2.5% to 34%, further confirming the crucial
effect of ferroptosis during radiotherapy sensitization (Figure
7c). Significantly, the mitochondria in tumor cells were
shrunken with increased membrane density in the VGd@
ICG-FA group (Figure 7d), which had been regarded as
characteristic of ferroptosis.*>*

Moreover, GSH, as an antioxidant, was crucial in reducing
LPO generated by eliminating intracellular ROS.** Inspired by
the GSH depletion of VGd@ICG-FA in Figure 3c, the
alterations of ROS and LPO were explored to convince the
ferroptosis in radiosensitization. Intracellular ROS was
detected by 2,7-dichloro-fluorescin diacetate (DCFH-DA),
which can be oxidized by intracellular ROS to highly emissive
DCEF with green fluorescence. Comparative cell killing efficacy,
living cell numbers and intracellular ROS accumulation were
found in VSN@ICG-FA and VGd@ICG-FA groups (Figure
S14a, b). Interestingly, both nanoprobes treated cells showed
some extent of green fluorescence intensity, verifying that the
ROS generation was mediated by the GSH depletion in the
cytoplasm (Figures 7e, f and S14c). When combined with RT,

the VGd@ICG-FA treated cells exhibited much higher green
fluorescence intensity compared with the other groups (Figure
7e, f). The above results indicated that the Gd component was
vital in successfully inducing the most efficient ROS
accumulation when exposed to X-ray, while after adding Fer,
the fluorescence intensity decreased to nearly half, indicating
that Fer successfully cleared the ROS in the cell (Figure 7e, f).

Another characteristic of ferroptosis is the buildup of LPO.*”
Liperfluo-stained analysis revealed that the LPO levels in
VGd@ICG-FA treated group were two folds higher after RT,
whereas Fer attenuated LPO production down to one-third
(Figure 7g, h). Quantitative analysis using flow cytometry
showed similar results: increased LPO positive cells in VGd@
ICG-FA were enhanced after RT treatment and this increasing
trend drops to nearly half by Fer meditation (Figure 7i, j). As
reported, the GSH-dependent lipid peroxidase GPX4 pre-
vented ferroPtosis, therefore GPX4 reflected the variation of
ferroptosis.”” Western blot assay showed that the VGd@ICG-
FA incubation group upon RT exhibited an obvious reduction
of GPX4 compared to the group without RT. The reduction of
GPX4 was reversed by Fer (Figure 7k, 1). Hence, the above
results confirmed that VGd@ICG-FA activated radiosensitivity
in vitro by inducing ferroptosis through the GSH-ROS-LPO
pathway.

VGd@ICG-FA Guided Radiotherapy and Enhanced
Radiosensitivity through Ferroptosis In Vivo. Next, we
sought to evaluate the radiosensitivity efficacy of VGd@ICG-
FA combined with RT in vivo. Figure 8a showed the diagram
of the tumor therapy procedure treated with VGd@ICG-FA
and RT. By the NIR-II fluorescent imaging system, the probe
was capable of observing the specific accumulation in the
tumor and clearly monitoring the size and tumor elimination
efficiency (Figure 8b). This result verified the utilization of
VGd@ICG-FA in the target delineation of radiotherapy and
continuous monitoring of tumor size changes during radio-
therapy. The VGd@ICG-FA treated mice exhibited slight
tumor growth inhibition that could be ascribed to ferroptosis.
Prominently, combined with RT, VGd@ICG-FA treated mice
present the most efficient tumor regression compared to other
groups (Figure 8c). Similarly, the tumor weights of the VGd@
ICG-FA combined RT group also demonstrated the optimal
antitumor efficiency (Figure 8d, e). These results further
suggested the tumor cell elimination effect of ferroptosis
combined with RT. With regard to the overall survival rate, the
in vivo results demonstrated that nanoprobe improves the
overall survival rate of mice, especially with RT (Figure 8f). In
brief, the tumor suppression ability of the VGd@ICG-FA
combined RT treatment reflected the great potential in
radiotherapy sensitization.

To further evaluate the effect of ferroptosis, GSH levels in
the tumor tissue were detected. In both VGd@ICG-FA alone
and VGd@ICG-FA combined RT groups, GSH concentration
declined to 76.2% and 57.8%, respectively. While in the RT
group, it only slightly decreased to 87.8% (Figure 8g). Then,
the mouse tumor tissues were collected for H&E and
immunohistochemistry staining. H&E results revealed that
tumors in the VGd@ICG-FA combined RT group undergo
significant necrosis, large nuclear fragmentation, and nuclear
shrinkage, showing the RT sensitization efficacy of VGd@ICG-
FA (Figure 8i). Strikingly, compared to other groups, GPX4
decreased significantly in VGd@ICG-FA combined RT
groups, verifying the successful inducement of ferroptosis
(Figure 8h, i). Besides, compared with the untreated group,
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Ki67-positive cells were lower in the treated groups: 5.5% in
the VGd@ICG-FA + RT group, 26.4% in the RT group, 38.2%
in the VGd@ICG-FA group, and 44.6% in the PBS group
(Figure S15). The significant decrease of Ki67 suggested that
the VGd@ICG-FA effectively inhibited the proliferation of
tumors with radiation. These data indicated that ferroptosis
induced by VGd@ICG-FA had a promising effect on the
sensitization of RT, especially in advanced breast cancer.
Biosafety Evaluation of VGd@ICG-FA In Vivo. Inspired
by the fascinating surgical applications and RT sensitivity
effects, biosafety was evaluated to assess the potential for
further clinical translations. No significant weight losses were
observed in all mice during the treatment, indicating no severe
burden caused by the tumors and probes (Figure S16). Blood
indices and serum biochemical indicators were all at normal
levels within 28 days (Figure S17). These findings suggested
that our nanoprobes did not significantly harm the body. To
evaluate the toxicity of VGd@ICG-FA on the GSH-rich organ,
the liver, different doses of VGd@ICG-FA were injected and a
negligible fluctuation in the levels of hepatic microsomal
proteins was detected, thereby giving clear evidence of safety
concerns (Figure S18). Lately, this harmless quality had been
validated by collagen deposition and skin morphology, which
showed no significant differences within 28 days compared to
the PBS injected group (Figure S19). The pathological studies
of the major organs (heart, liver, spleen, lung, and kidney)
from the normal BALB/c mice injected with VGd@ICG-FA
illustrated a nontoxic quality at the dose of 32 ug/mL (Figure
$20). These results confirmed the high biocompatibility of
VGd@ICG-FA, which provided great potential biosafety
assurance for future clinical applications of VGd@ICG-FA.

DISCUSSION

BCS is a well-accepted standard of care for patients with early
stage breast cancer. Precise margin assessment during the
operation can reduce re-excision rates and debate is ongoing
regarding how to evaluate resection margins to ensure the
radical removal of all cancer cells.>® Pathological examination is
regarded as a gold standard for evaluating tumor margin, but it
is time-consuming and has discrepancies.”® Although research-
ers have developed several ways to evaluate the surgical
margin, such as 3D specimen X-ray imaging and CT
reconstruction,”’ these imaging methods are challenging to
delineate normal from tumor tissue in real time, high
sensitivity, and specificity methods.

We have always been exploring strategies to visualize the
tumor margins when conducting BCS. Human Serum
Albumin-ICG (HSA-ICG) was applied to guide surgical
resection, and the signal on the surgical bed could be used
to guide surgery while the tumor-to-noise ratio was low
(approximately 2.5).>* On the other hand, R*HV—Gd allowed
complete tumor excision under NIR-II fluorescent imaging
guiding by reducing aqueous instability and improving target
specificity of ICG, but the biosafety of rare-earth-based
nanoprobes merited attention.”’ Most recently, our group
developed a self-assembled multifunctional nanoprobe
“IDTPA-HSA@ICG-Bevacizumab to improve the efficacy of
NIR-II fluorescence image-guided breast cancer surgery, but
the photobleaching of ICG is a hurdle to overcome.”

Taking the advantages of less tissue scattering and
nonradiative effect, NIR-II imaging can provide delicate
anatomical structures and have a great advantage in
dynamically displaying tumor boundaries in real-time.*’

Among the clinical fluorophores currently approved by the
FDA, only ICG has the ability to fluoresce in the NIR-II
region. However, its application is limited due to its instability
and nontargeting characteristics. For example, when used in
clinical surgery, aqueous ICG solution begins to degrade
within 5 min of exposure to the operating table light and
undergoes significant degradation at 110 min.">* In this
study, we have greatly improved the stability of aqueous ICG
to 96 h. Moreover, our nanoprobe effectively enhances its
resistance to photobleaching by encapsulating ICG inside
spherical particles, maintaining nearly 98% fluorescence
intensity with up to 30 min of laser irradiation, and providing
stable images for long-term surgery. Because of nontargeting
characteristics, ICG is rapidly metabolized and cannot
effectively aggregate in the tumor. Here, by loading in
VGd@ICG-FA, ICG is able to specifically target tumor tissue
and quickly enter tumor cells with the advantage of virus-like
morphology. By comparing the targeting experiments, we can
see that the anchoring of FA brings about a superior
aggregation of the probe and increases the TBR from 5 to 8.
The substantial improvement in ICG-specific targeting brought
about by VGd@ICG-FA provides the basis for a broader
application of ICG.

It was reported that breast carcinomas were unifocal in 36%,
multifocal in 35%, and diffuse in 28% of patients.”’ Finding
satellite lesions, especially some tiny cancers, is extremely
difficult. Our probe is expected to illuminate tiny satellite
lesions and guide precise and adequate resection with its
property of identifying 1 mm? tiny tumors. Therefore, the clear
outline of tumor boundaries, the identification of tiny tumors,
and stable illumination brought by VGd@ICG-FA provide a
platform for precise surgery.

Radiotherapy is a crucial treatment that raises the local
control rate and improves survival over the long-term. It has
been frequently used on patients with advanced breast cancer
or those with early stage breast cancer who received breast-
conserving surgery.””®* Precise radiotherapy enables radiation
to be delivered to the target lesions and spares nearby normal
tissues. Our probe can pinpoint the tumor location by the
NIR-II imaging system and monitor the change of the tumor
boundary during radiotherapy by fluorescence.

Radiation resistance remains another major challenge,
resulting in RT failure, cancer relapses, and distant metastasis.
Our GSH-depleted and Gd-coating probe can boost the
efficacy of RT. When VGd@ICG-FA is used alone, it can
activate ferroptosis by depletion of GSH, causing inactivation
of the GSH catalase GPX4, which allows large amounts of LPO
to accumulate. When combined with radiotherapy, Gd, a high
atomic number element, can produce a large amount of ROS
which can further generate LPO accumulation and enhance
ferroptosis to achieve radio sensitization.”* Compared with
traditional radiation sensitizers like cisplatin or fluorouracil or
recently developed radio-sensitizer, VGd@ICG-FA has tumor-
targeting specificity and mainly agglomerates in tumors,
therefore reducing systemic toxicity. So, this nanoprobe may
be used for palliative radiotherapy in inoperable locally
advanced or metastatic breast cancer to improve the efficacy
of RT. Undeniably, by comparison with VSN@ICG-FA+RT, it
was a certain significant improvement (10%) of cell killing in
VGd@ICG-FA+RT, while the large majority of RT-induced
cell toxicity is not sensitized by Gd. Although our constructed
probes have excellent fluorescence imaging and therapeutic
effects, the construction procedure of our Gd-based nanoprobe
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is quite complicated, mainly including VGd fabrication, ICG
loading, and FA modification. Indisputably, each step of
purification is troublesome, therefore it is impossible to
optimize all components. In addition, the long-term toxicity,
in-depth effects on metabolism, as well as the fate of
nanoprobes remain to be investigated. Further inspection
studies examining the systemic and breast cancer delivery of
nanoprobes in large primates are needed.

CONCLUSIONS

In summary, we have developed a multifunctional nanoprobe
for NIR-II fluorescence imaging-guided precise breast cancer
surgery and radio-sensitization induced by ferroptosis via
VGd@ICG-FA. The prepared probe VGd@ICG-FA signifi-
cantly improves TBR in the NIR-II fluorescence imaging
owing to the virus-like morphology and FA anchoring.
Pathological data from various tumor models indicate that
our probes can successfully distinguish tumor tissues from
normal tissues and achieve negative surgical margins.
Furthermore, the probe can be used to precisely delineate
the target tumor location and therapeutic efficiency during the
treatment with NIR-II fluorescence imaging. The induced
ferroptosis by the GSH-ROS-LPO pathway enhanced a strong
radio-sensitization. More encouragingly, this nanoprobe is free
of organ damage and acute harm, thereby offering the potential
for future clinical translation.

MATERIALS AND METHODS

Materials. Hexadecyltrimethylammonium bromide (CTAB),
tetraethyl orthosilicate (TEOS), Bis[3-(triethoxysilyl)propyl]tetra-
sulfide (BTES), and (3-aminopropyl)triethoxisilane (APTES) were
purchased from Sigma-Aldrich Company (St Louis, MO, USA).
Gadolinium chloride hexahydrate (GdCl;-6H,0), cyclohexane,
hexamethylenetetramine, N-hydroxysuccinimide (NHS), N-(3-
(dimethylamino)propyl)-N'-ethylcarbodiimide hydrochloride
(EDC), and potassium ferrocyanide were bought from Aladdin
Reagent Co. Ltd. (Shanghai, China). FA-PEG-COOH was purchased
from Ponsure Biological (Shanghai, China). Indocyanine green (ICG)
was purchased from Sangon Biotech (Shanghai, China). p-Luciferin
potassium salt was from Beyotime (Shanghai, China). RPMI 1640
medium and fetal bovine serum (FBS) were purchased from Gibco
Life Technologies (New York, NY, USA). MEBM medium was
purchased from Lonza (Basel, Switzerland).

Synthesis of VGd@ICG-FA. Synthesis of VSN and VGd: CTAB
(0.75 g) was dissolved in 60 mL water and 1 mL 0.1 M of NaOH was
added. Then the mixture was put into an oil bath and stirred for 30
min at 60 °C. Soon afterward, cyclohexane containing 3.56 mL TEOS
and 0.44 mL BTES was slowly added dropwise. After 72 h of reaction,
VSN was obtained by centrifugation and then rinsed with water and
ethanol. Next, VSN was dispersed in 60 mL water. VGd was prepared
by mixing VSN and hexamethylenetetramine (50 mg) for 4 h at 90 °C
for 30 min, and then GdCl;-6H,0 (50 mg) was added. VGd can be
obtained after 30 min stirring.

Synthesis of VSN (nontetrasulfide doping): CTAB (0.75 g) was
dissolved in 60 mL water and 1 mL 0.1 M of NaOH was added. Then
the mixture was stirred for 30 min at 60 °C. Afterward, cyclohexane
containing 4 mL TEOS was slowly added dropwise. After 72 h of
reaction, VSN was obtained.

Amino group modification on VGd: Following a dropwise addition
of 200 uL APTES, VGd in ethanol was stirred at 75 °C for 12 h. The
solid VGd-NH, was obtained by washing it with ethanol and water 3
times.

Synthesis of VGd@ICG-FA: Add 5 mL of 2 mg/mL VGd-NH, to
1 mL of 1 mg/mL ICG and stir together overnight. After 10 min
centrifugation (10000 rpm) of the sample, VGd-NH,@ICG was
obtained. Then 3 mg of FA-PEG-COOH, 2 mg of EDC, and 1 mg of

NHS were added into 1S mL of 2 mg/mL VGd-NH,@ICG aqueous
solution. After stirring for 48 h at room temperature, the sample
underwent rinsing three times to get rid of uncombined ICG and FA-
PEG-COOH. Finally, the VGd@ICG-FA nanoprobes were dissolved
in diluted water and stored at 4 °C in the dark.

Characterization of VGd@ICG-FA. The morphology and
dimensions of the nanoprobes were explored using transmission
electron microscopy (TEM, H-7650, Hitachi, Japan) and scanning
electron microscopy (SEM, S-4800, Hitachi, Japan). Elemental
analysis was performed using high-resolution transmission electron
microscopy (HRTEM, FEI Tecnai F20, accelerating voltage = 200
kV). A Fourier infrared spectrometer (FT-IR, Nicolet iS 50, Thermo
Fisher, USA) was used to detect the surface groups of particles. UV—
vis spectra were measured by a UV—vis—NIR spectrophotometer
(Cary 5000, Agilent, USA). Dynamic light scattering (DLS, Omni,
Brookhaven, USA) was utilized to determine the hydrodynamic
diameter distribution, polydispersity, and zeta potential of the probes.

ICG and VGd@ICG-FA Photostabilities. ICG and VGd@ICG-
FA were continuously irradiated by an 808 nm laser for 30 min in a
96-well plate. Additionally, samples were kept at 25 °C in the dark for
96 h in order to assess the stability of ICG and VGd@ICG-FA in
aqueous solutions. UV—NIR absorption spectra were measured at
different time points.

Protein Expression Analysis and VGd@ICG-FA Cytotoxicity.
The human normal mammary epithelial cells MCF-10A, human
breast cancer cell MCF-7, MDA-MB-231, BT549, and mouse breast
cancer 4T1 cell lines were purchased from the American Type
Culture Collection (Rockville, USA). In an incubator, MCE-10A cells
were grown in MEBM medium, MCEF-7, and MDA-MB-231 cells
were grown in DMEM medium, and BT549 and 4T1 cells were
grown in RPMI 1640 medium. All the mediums contained 10% FBS
and 1% penicillin—streptomycin.

As for protein expression analysis, Western blot was performed as
previously described® with a specific primary antibody: rabbit
monoclonal antibody to FOLRI (ab221543, abcam), GPX4
(ab125066, abcam), or GAPDH(ab181602, abcam) diluted 1:1000
overnight at 4 °C and HRP-labeled goat antirabbit antibody (#7074,
cell signaling technology) or goat antimouse antibody (#7076, cell
signaling technology) at room temperature for 1 h.

The level of FOLR1 mRNA expression was examined using qRT-
PCR. The primers used were: FOLRI Forward: CTGGCT-
GGTGTTGGTAGAACAG, FOLRI1 reverse AGGCCCCGAGGA-
CAAGTT, GAPDH Forward: 5'-GGCAAATTCCATGGCACCGT-
3’, GAPDH reverse: 5'-TGGACTCCACGACGTACTCA-3'.

Cell Viability Studies. In 96-well plates, 5 X 10> MCF-10A and 4T1
cells were planted in each well before being cultured for an additional
overnight. After that, the fresh medium containing a series
concentration (0—256 ug/mL) of VGd@ICG-FA was used to
incubate cells for 36 h, and then cell viability was measured by the
CCK-8 cell-counting kit (Beyotime, Shanghai, China). Further, to
evaluate the cytotoxicity of VGd@ICG-FA combined with RT, 4T1
cells were incubated with VGd@ICG-FA for 36 h followed by
irradiation of 4 Gy X-rays.

GSH-Triggered Degradation and GSH-Exhausting Detec-
tion. VGd@ICG-FA was dissolved in PBS or 10 mM GSH with a
final concentration of 100 ug/mL at different points of time. The
solutions were shaken continuously at 37 °C and studied under TEM
at distinct times. In addition, 4T1 cells were incubated with the
medium containing different doses (0—128 pg/mL) of VGd@ICG-
FA. After that, GSH concentration was determined by the Micro
Reduced GSH Assay Kit (Solarbio, Beijing, China). Likely, after
intravenous injection of the probe and treatment with or without RT,
the tumor tissue was resected and ground into homogenate to
measure the GSH content with the same kit.

Cellular Uptake of VGd@ICG-FA. To verify whether the virus-
like nanoparticles would be more rapidly taken up by 4T1 cells, we
synthesized a smooth mesoporous silica nanoparticle as the control in
the following steps. First, 1.5 mg of CTAB was dispersed in 60 mL
water and the mixture was stirred at 60 °C. Then 0.72 mL of 25%
triethanolamine was added to the solution. Twenty milliliters of a
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mixture of cyclohexane (16 mL) and TEOS (4 mL) was dropped
onto the water layer. After 48 h, the smooth mesoporous silica
nanoparticles were obtained after centrifugation at 10,000 rpm for 10
min. Finally, this nanoparticle was loaded with ICG. 1.5 X 10° 4T1
cells were incubated with VGd@ICG, MSN@ICG, or VGd@ICG-FA
at equivalent 3 yg/mL ICG concentrations in six-well plates or on
glass slides. The cells incubated in plates were measured by a flow
cytometer (CytoFlex). The cells incubated on glass slides were fixed
with 4% paraformaldehyde and stained with DAPI for fluorescence
microscopy assessment.

In Vivo Targeted Imaging, Biodistribution, and Block
Imaging. Six-week-old female BALB/c mice were purchased from
Gempharmatech Co., Ltd. (Jiangsu, China) and bred in Xiamen
University Laboratory Animal Center. All animal experiments
obtained acceptance from the animal procedures approved by the
Institutional Animal Care and Use Committee of Xiamen University.
All studies were carried out in strict accordance with the relevant
guidelines.

Each BALB/c mouse was subcutaneously injected with 50 uL PBS
containing 1 X 107 4T1-Luc cells at the right hind limb. The formula
“width? X length X 0.5” was used to determine the tumor volume.
When their size was about 200—300 mm?® they were randomly
injected with VGd@ICG-FA, VGd@ICG, or free ICG at an
equivalent ICG concentration (1 mg/kg) (n = 3). At different time
points, the fluorescence signal was evaluated using a NIR-II
fluorescence imaging system (III series 900/1700, Suzhou Yingrui
Optical Technology Co., Ltd.). As for the in vivo MRI analysis, mice
were injected with VGd@ICG-FA or gadoteric acid meglumine
(GAM) containing the same concentration of [Gd**] = 25 x 107 M/
kg. MRI was conducted by 9.4 T BioSpec MRI (Bruker, Germany),
and T1-weighted images were obtained with parameters as follows:
TR = 1000 ms, TE = 8.5 ms, FOV = 4 X 4, slices = 20.

In vivo biodistribution of VGd@ICG-FA was also observed. 4T1-
Luc tumor-bearing mice were injected with VGd@ICG-FA and then
tumor, major organs, and muscle tissues (i.e., heart, liver, spleen, lung,
and kidney) were isolated at 36 h and underwent NIR-II fluorescence
imaging.

In the blocking experiments, FA (100 ug) was administered
intravenously to mice 10 min ahead, and then the NIR-II fluorescence
signal was collected.

Microtumor Identification. 5—20 uL PBS containing 5 X 10°
4T1-Luc cells were subcutaneously injected to BALB/c mice at
various places in the back. The location of microtumors was verified
by IVIS bioluminescent imaging system (PerkinElmer, Waltham,
Massachusetts, USA). Afterward, at 36 h postinjection of VGd@ICG-
FA ([ICG] = 1 mg/kg), tumors were excised under NIR-II
fluorescent real-time imaging guidance (exposure time 150 ms,
excitation power density 0.1 W/cm?). All removed tissues including
paracancerous tissues proceeded for histological examination.

NIR-II Fluorescence-Guided Real-Time Tumor Surgery. 4T1-
Luc tumor cells were implanted near the right leg of the mouse and
ensured that the tumor could infiltrate and grow into the muscle at a
later stage. We used bioluminescence to confirm the presence of the
tumor and roughly estimate the location. Surgical resection was
performed by visualization and palpation under white light just like
the clinical surgery. In the VGd@ICG-FA group and the VGd@ICG
group, the mice were reimaged by the NIR-II fluorescence imaging
system. If there was a residual fluorescent signal in the tumor surgical
bed, further resection was performed until no signal was present. The
paracancerous muscle tissue was also excised as a control. Fourteen
days after surgery, all mice performed bioluminescent imaging to
observe recurrence. Then, the tissues were taken for histological
investigation and NIR fluorescence analysis (Odyssey CLx, LI-COR
Biosciences, Nebraska, USA) by fluorescence flatbed scanning.

Transgenic MMTV-PyMT positive and negative mice (FVB/N-Tg
(MMTV-PyMT) 634 Mul/]) were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). 36 h after VGd@ICG-FA
injection, the NIR-II fluorescence imaging was obtained. In the
surgical model of transgenic mice, each abnormally luminous
mammary gland of positive mice was gradually excised under NIR-
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II fluorescence guidance. Finally, muscle tissue was excised as a
control.

Analysis of Radio Sensitization Induced by Ferroptosis In
Vitro. 1 X 10° 4T1 cells were seeded in a CLSM culture vessel, and
they were then treated with VGd@ICG-FA for 36 h. For cell ROS
detection, after the coincubation with DCFH-DA (10 uM, Beyotime)
for 20 min, the cells received X-ray irradiation (4 Gy). Subsequently,
the cells were imaged by CLSM. In the group containing Ferrostatin 1
(Fer, HY-100579, MCE) treatment, S uM Fer was added into the
medium together with VGd@ICG-FA.

For lipid peroxidation analysis, 1 X 10° 4T1 cells were incubated
with VGd@ICG-FA for 36 h. Cells received the X-ray irradiation (4
Gy) and then were incubated for 30 min with liperfluo (1 uM, L248,
Donjindo). Besides, lipid peroxidation levels were also evaluated by
flow cytometry. For live/dead analysis, a Calcein/PI staining assay
(C2015L, Beyotime) was used to detect cell survival via CLSM. For
yH,AX analysis, a DNA Damage Assay Kit (C203SS, Beyotime) was
used and the cells were detected via CLSM.

Ferroptosis Enhanced RT Sensitization Analysis In Vivo.
BALB/c female mice with subcutaneous 4T1 tumors (20—30 mm?)
were divided into four groups: (1) PBS, (2) VGd@ICG-FA, (3) RT
only, and (4) VGd@ICG-FA + RT. Mice in groups (1), (2), and (4)
received SO uL VGd@ICG-FA ([ICG] = 1 mg/kg) or SO uL PBS by
tail vein injection on days —2 and 10 of treatment, and then groups
(3) and (4) received a single dose of X-rays (radiation dose = 4 Gy)
on days 0 and 12. Tumor size was recorded and weighed every 3 days.
After 15 days of treatment, some mice in each group were randomly
sacrificed and tumor sections as well as major body organs were
collected for H&E and IHC staining, including GPX4 (ab125066,
abcam), and Ki67 (ab15580, abcam). The remaining mice were
observed continually until 60 days post-treatment.

Tissue TEM Imaging. To confirm the ferroptosis in the tumor,
4T1-bearing mice with 100—200 mm? tumors were injected with PBS
or VGd@ICG-FA. After 3 days, tumor tissues were collected, fixed,
and dehydrated. Then the tissue was stained by heavy metal electrons
and observed by TEM.

In Vivo Biosafety Studies. To assess in vivo biosafety, liver
microsomal proteins were assayed using the bicinchoninic acid
method. After being injected with different concentrations of VGd@
ICG-FA for 7 days, liver tissues were removed and rinsed with KCl
solution (0.15 M), and liver microsomal proteins were obtained by
multiple centrifugations of tissue homogenates. In detail, the
supernatant was collected after the centrifugation at 300g, 700g,
2200g, and 700g, each time for 30 min at 4 °C. After the last
centrifugation, the BCA kit (PC0020, Solarbio) was used to measure
the protein concentration. In addition, we performed H&E staining of
the major organs at the end of the treatment. At 1, 3, 7, and 28 days,
blood samples were collected for electrolyte, blood biochemical, and
hematological tests. In addition, to assess the skin and muscle
infiltration toxicity of VGd@ICG-FA, Masson staining of skin and
muscle was performed.

Statistical Analyses. Data were obtained from at least three
independent measurements (n > 3) to ensure the reproducibility of
the experiment. Means were compared using a two-tailed Student’s ¢
test or one-way ANOVA. The survival benefit was determined using
Kaplan—Meier analysis (Graph Pad Prism). In all types of statistical
analysis, P < 0.05 were considered significant.
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