#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Confined semiconducting polymers with boosted
NIR light-triggered H,O, production for hypoxia-
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Hypoxia featured in malignant tumors and the short lifespan of photo-induced reactive oxygen species
(ROS) are two major issues that limit the efficiency of photodynamic therapy (PDT) in oncotherapy.
Developing efficient type-| photosensitizers with long-term "‘OH generation ability provides a possible
solution. Herein, a semiconducting polymer-based photosensitizer PCPDTBT was found to generate O,
*‘OH, and H,O, through type-I/Il PDT paths. After encapsulation within a mesoporous silica matrix, the
NIR-II fluorescence and ROS generation are enhanced by 3-4 times compared with the traditional
phase transfer method, which can be attributed to the excited-state lifetime being prolonged by one
order of magnitude, resulting from restricted nonradiative decay channels, as confirmed by femtosecond
spectroscopy. Notably, H,O, production reaches 15.8 uM min™! under a 730 nm laser (80 mW cm™2).
Further adsorption of Fe?* ions on mesoporous silica not only improves the loading capacity of the

chemotherapy drug doxorubicin but also triggers a Fenton reaction with photo-generated H,O, in situ
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Accepted 11th June 2024 o produce continuously after the termination of laser irradiation. Thus, semiconducting polymer
based nanocomposites enables NIR-II fluorescence imaging guided persistent PDT under hypoxic
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Introduction

Benefitting from the high safety and great operability of light,
photodynamic therapy (PDT) has been widely used for various
diseases in the clinic, such as actinic keratosis, acne vulgaris,
and pathological myopia.”” In particular, this highly selective
therapeutic technique with negligible invasiveness has been
widely investigated for the treatment of malignant tumors over
the past few decades.** Currently, there are two major problems
which severely limit the anti-tumor efficacy of PDT: the hypoxic
microenvironment in solid tumors and short lifespan of photo-
induced reactive oxygen species (ROS).>* Most photosensitizers
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platforms for hypoxia-tolerant phototheranostics.

(PSs) work in a type-II path, which produce singlet oxygen (*0,)
through energy transfer from their excited triplet state to O,.
This process is highly dependent on the concentration of O,;
thus, type-Il PDT become less effective for hypoxic tumors.
Some techniques, such as the perfluorocarbon-based O,
delivery method and in situ O, generation by catalytic reactions
have been proposed to relieve hypoxia.”® However, these
methods made the PDT system complicated, and the O,
delivery/generation efficiency was unclear. Meanwhile, PDT was
considered to be short-acting. The tissue oxygen would be
rapidly consumed during type-II PDT; therefore, the generation
of 'O, would be hindered in a short period of time.® In addition,
PDT takes effect only under light exposure; the generation of
ROS stops immediately after the termination of irradiation.
Although sustained release of 'O, was achieved by combining
PSs with anthracene or 2-pyridone groups, which can reversibly
capture and release '0,,%' these strategies still did not solve the
hypoxia problem.

From the perspective of a photosensitizer, the design of
novel PSs capable of type-1 PDT, which works through an elec-
tron transfer mechanism, would be a reliable way to combat
tumor hypoxia.™* Type-I PDT is less dependent on O, and can
produce "OH, O," ", and H,0, under hypoxic conditions.” Most
reported type-I PSs were inorganic semiconducting nano-
particles, which were generally excited at short wavelength and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibited weak fluorescence.® Apparently, organic PSs were
more favorable for biomedical applications because of their
better biocompatibility, near-infrared (NIR, 700-900 nm)
absorption, and strong photoluminescence (PL), which also
enables deep tissue penetration and photo diagnosis. For
instance, many organic PSs can be used for fluorescence
imaging in the second near-infrared window (NIR-II, 1000-1700
nm), which enables high resolution and contrast imaging in
vivo due to reduced autofluorescence and photo scattering.™
However, developing organic-based NIR-light-triggered type-I
PSs was still tricky, and they generally showed low ROS gener-
ation efficiency.”**** Indeed, the PL and PDT performances of
organic materials are commonly significantly reduced when
their energy bandgaps get into the NIR region, probably due to
the enhanced intramolecular nonradiative decay,® which
inhibits emissive transitions and intersystem crossing (ISC). As
a result, type-I PDT was usually combined with photothermal
therapy because high laser power was necessary to generate
enough ROS."*® Nevertheless, this elevated the risk of thermal
damage to normal tissues, which was not favorable for clinical
practice. Therefore, developing organic-based photosensitizers
with strong NIR-II emission and efficient type-I PDT capacity
under low-power NIR excitation was greatly needed for hypoxia-
tolerant phototheranostics.

To date, investigation of type-I PSs has focused mainly on the
generation of 'OH and O," ", since these short-lived radicals are
considered to be highly cytotoxic."* Although metal peroxide-,
glucose oxidase-, and nanozyme-based strategies have been
widely adopted to improve the intracellular H,O, level to
enhance the anticancer effect,*** the photo-generation of H,0,
through type-I PDT was largely neglected previously, probably
due to the low H,0O, production efficiency and weak cytotoxicity.
Actually, an organic photocatalyst has recently been used for
H,0, production,® and it can provide much better controlla-
bility than above-mentioned methods. Notably, the photo-
generated H,0, could be used to produce cytotoxic ‘OH
continuously in the presence of some transition metal ions
(Fe**, Cu®, and Ti*") through a Fenton reaction even after
termination of exposure.”® Unfortunately, NIR organic photo-
sensitizers with efficient H,O, production have rarely been re-
ported, and type-I PDT has not been combined with a Fenton
reaction to achieve persistent photodynamic therapy.

Herein, we report that the NIR-II emissive semiconducting
polymer (SP) poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-
b;3,4-b'|dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]
(PCPDTBT) can produce '0,, ‘OH, and H,0, under 730 nm laser
irradiation through type-I and type-II PDT approaches. After
encapsulation in a mesoporous silica matrix, the fluorescence
and ROS generation can be enhanced by about 3-4 times.
Femtosecond transient absorption (fs-TA) investigation
revealed that the excited-state lifetime was prolonged by one
order of magnitude (264.5 ps vs. 19.1 ps) compared to amphi-
philic polymer F127-coated ones, and intermolecular and
intramolecular nonradiative decay channels were largely
restricted due to the confinement effect. Importantly, the pho-
toluminescence quantum yield (PLQY) in the NIR-II region was
increased to 4.6%, and the H,0, production yield could reach
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15.8 uM min " under 730 nm laser irradiation with low power
density (80 mW cm™>). Further adsorption of the Fe*" ions on
mesoporous silica not only improves the loading capacity of the
chemotherapy drug doxorubicin (DOX) but also enhances "OH
generation through the Fenton reaction. The photo-generated
H,0, here is enough to trigger the reaction with the Fe** ions
in situ to produce ‘OH continuously after termination of laser
irradiation, which greatly prolongs the duration of PDT. The
obtained SP-based nanoplatform (Scheme 1) can generate ROS
in cancer cells under hypoxic conditions and inhibit cell growth
by apoptosis and ferroptosis mechanisms. NIR-II fluorescence
imaging indicated an outstanding tumor accumulation of ob-
tained nanoparticles in vivo, and 4T1 tumors can be signifi-
cantly inhibited with a combination of chemotherapy and
persistent PDT under a safe power density. This work provides
a promising paradigm to fabricate persistent photodynamic
therapy platforms for hypoxia-tolerant phototheranostics.

Results and discussion
Synthesis and characterization of SP@mSiO,-PEG

The semiconducting polymer PCPDTBT (Fig. 1A) was synthe-
sized through a traditional Stille coupling reaction according to
a previous report (Fig. S11).>* Density functional theory calcu-
lation shows a planar skeleton structure for the polymer
(Fig. 1B). Predicted frontier molecular orbitals indicate strong
intramolecular charge transfer (ICT) and significant 7t-orbital
overlap for the polymer (Fig. 1C). The electron density of the
HOMO was located mainly on the dithienocyclopenta unit
(donor), whereas it transferred to the benzothiadiazole unit
(acceptor) for the LUMO. The m-orbital overlap originating from
the planar skeleton guarantees strong NIR absorption and
remarkable emission in the NIR-II region. The advantages of
SPs for NIR-II imaging and PDT are summarized in Table S1.f
Water-soluble PCPDTBT-based nanoparticles with uniform
morphology can be obtained by F127 encapsulation (SP@F127,
16 nm) and PEGylated mesoporous silica coating (SP@mSiO,-
PEG, 35.5 nm), as shown in Fig. 1D and E. Silica coating was
achieved through CTAB-mediated phase transfer and subse-
quently the hydrolysis of tetraethyl orthosilicate.” The porous
structure was apparent from the enlarged transmission electron
microscopy (TEM) image (Fig. S21). The hydrodynamic diam-
eter of SP@F127 was around 46.2 nm (Fig. S31), which was
similar to that of SP@mSiO,-PEG (~49.5 nm, Fig. 1F). The larger
hydrodynamic diameters of the nanoparticles compared with
their TEM images were related to the extended PEG corona in
solution.?® Here, two mPEG-silanes with different molecular
weights were used to passivate the surface of silica, which can
enhance the PEG coverage density on the nanoparticle.”” The
salting out of SP@mSiO,-PEG from aqueous solution into
chloroform strongly demonstrates this assumption (Fig. 1F).
The efficient PEG modification not only improves the colloidal
stability of the nanoparticle but also reduces protein adsorption
and immune recognition, thereby largely improving the serum
half-life in vivo.”® The absorption peak of SP@F127 was blue-
shifted compared with PCPDTBT in organic solvent (Fig. 1G).
This phenomenon can be attributed to conformational changes
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Scheme 1 Schematic
phototheranostics.

and inter-chain interactions accompanied by the aggregation of
semiconducting polymers during the formation of the nano-
particles.”**® These intramolecular and intermolecular interac-
tions could shorten effective conjugation lengths and cause
delocalization of m-electrons over polymeric chains, which all
lead to the blue-shift of absorption spectra.*® Besides, these
strong interactions lead to a significant decrease in photo-
luminescence, as shown in Fig. 1H. Here, it is interesting to find
that the absorption of the polymer was less affected after silica
coating (Fig. 1G), and the emission intensity of SP@mSiO,-PEG
was much stronger than that of SP@F127 (Fig. 1H).

PCPDTBT has been heavily used for traditional NIR-I imaging
with a strong emission around 800 nm,* while its emission
shoulder beyond 900 nm was neglected due to the low detection
efficiency of silicon-based detectors (Fig. S4t). This is similar to
many cyanine dyes, which exhibit strong emission tails in the NIR-
II region.*?* Photoluminescence quantum yields (PLQY) for
SP@F127 and SP@mSiO,-PEG in the NIR-I region were deter-
mined to be 1.2% and 4.6%, respectively, using IR-26 (0.5% in 1,2-
dichloroethane) as a reference (Fig. 11 and S5t), indicating their
great potential for NIR-II imaging, especially for SP@mSiO,-PEG.
Besides, these silica-based nanoparticles exhibited high stability:
the absorption spectra did not change after 28 d of storage at room
temperature (Fig. S61) and can be stored for at least one year
without any precipitation (Fig. S71).

Laser-induced ROS generation

PCPDTBT can also produce abundant singlet oxygen under
laser irradiation.***® The band gap between its T; and S, states
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illustration of the synthetic process for the semiconducting polymer-based nanoplatform and its applications in

is around 1.0 eV,*” which allows 'O, generation under laser
irradiation and enables type-II photodynamic therapy.*® Since
the energy level for the S, state of the SP is around —4.9 eV using
the vacuum level as reference,* the energy level for the T, state
can be calculated to be —3.9 eV, which is higher than the redox
potential of O, (—4.17 eV),* suggesting its potential for type-I
PDT (Fig. S8%). Using 1,3-diphenylisobenzofuran (DPBF),
3,3',5,5'-tetramethylbenzidine (TMB) and Amplex Red as 'O,
(Fig. 2A-C), "OH (Fig. 2E-G) and H,0, (Fig. 2I-K) indicators,*"**
photo-induced ROS generation was carefully investigated. It is
clear that type-I and type-II processes exist for PCPDBT-based
nanoparticles, and the PDT performance for SP@mSiO,-PEG
was much better than that for SP@F127. The generation of 'O,
(Fig. 2D) and "OH (Fig. 2H) were further confirmed by electron
spin resonance (ESR) characterization, which revealed a result
consistent with the optical analysis. The production of ROS
under normoxic and hypoxic conditions were thereafter
compared (Fig. S9t). Obviously, the generation of 'O, was
largely inhibited under the hypoxic situation; nevertheless, the
generation of ‘OH and H,0, was less influenced, indicating the
less oxygen consuming feature of type-I PDT. Note that the light-
driven H,O, production for SP@mSiO,-PEG was very efficient
here with a yield of 15.8 uM min " under a power density of 80
mW cm ™ (Fig. S107). This value was even higher than those of
some photocatalysts for H,O, synthesis.”*** In general, silica
coating provides around 3-4 fold enhancement in fluorescence
emission and ROS generation, compared with the commonly
used F127 encapsulation method (Fig. 2L). Although fluores-
cence amplification of organic dyes after silica coating was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Molecular structure, (B) optimized ground-state geometry, and (C) calculated molecular orbitals of PCPDTBT. (D) Negative-stained

TEM image of SP@F127. (E) TEM image of SP@mSiO,-PEG. (F) Hydrodynamic diameter of SP@mSiO,-PEG. The inset shows photographs of the
salting out of SP@mSiO,-PEG nanoparticles from water into chloroform. (G) Normalized absorption spectra of PCPDTBT in chloroform and
encapsulated with F127 and mesoporous silica. (H) Emission spectra of PCPDTBT in chloroform and encapsulated with F127 and mesoporous
silica, excited at 635 nm. (1) Average fluorescence intensities of IR-26 in 1,2-dichloroethane, SP@F127 and the SP@mSiO,-PEG nanoparticles in
water. The inset shows corresponding NIR-II fluorescence images and the quantum yields.

relatively common,**** enhancement in their PDT performance
was rarely reported, which is actually more important for
phototheranostics.

Excited-state dynamics study

The fluorescence enhancement of a semiconducting polymer was
commonly attributed to isolation from water after silica coating.*
However, this assumption was inapplicable here due to the
porous structure and hydrophilicity of mesoporous silica. In
addition, a mesoporous silica coating for inorganic nano-
particles, such as rare-earth-doped nanoparticles (NaYF,:Ybg o5,-
Nd,,@NaYF,) or Ag,S quantum dots, showed no evidence of
amplified emission (Fig. S111). These observations indicate that
the characteristics of the SP play an important role here. To
unravel the underlying mechanism for the enhancement in
fluorescence and ROS generation, femtosecond transient
absorption (fs-TA) spectroscopy was carried out to explore their
excited-state dynamics (Fig. 3A, D and S12t).* Positive signals
around 465 nm were observed for both samples, and this excited-

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

state absorption (ESA) band was commonly related to the
photoinduced triplet state.*”*® Negative signals above 550 nm can
be assigned to the combination of ground-state bleaching (GSB)
and stimulated emission, as their plots are consistent with their
steady-state absorption and fluorescence spectra.*

Kinetic curves within the GSB region could reflect the non-
radiative decay of excited states, and the fractions of depopu-
lation through different channels can be evaluated with
corresponding relative amplitudes.** The kinetic plots and
fitting curves of SP@mSiO,-PEG and SP@F127 are shown in
Fig. 3B and E. A triexponential function was employed to ach-
ieve a satisfactory fit, and the corresponding fraction and rela-
tive amplitudes are summarized in Table 1. The kinetic curves
demonstrate significantly accelerated nonradiative decay for
SP@F127, which favors thermal deactivation and commonly
leads to a decrease in fluorescence and intersystem crossing.**
According to a previous dynamic investigation into semi-
conducting polymers,'® comparable femtosecond components
of 0.31 ps in SP@mSiO,-PEG and 0.32 ps in SP@F127 can be

Chem. Sci., 2024, 15, 12086-12097 | 12089
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Table 1 Fitting parameters for GSB and ESA regions at representative wavelengths

Wavelength 74 (ps) A 75 (ps) A, 73 (ps) As Tavg (PS)
SP@mSiO,-PEG 600 nm 0.31 0.2% 5.9 1.0% 264.6 98.8% 264.5

465 nm 0.49 0.5% 6.5 2.2% 224.0 97.3% 223.8
SP@F127 600 nm 0.32 3.9% 3.1 25.7% 20.0 70.4% 19.1

465 nm 0.46 1.8% 3.5 10.9% 75.0 87.3% 74.5

% A4, A,, and A; represent the fractions of associated components.

ascribed to intermolecular nonradiative decay, while the time
constants of 5.9 ps for SP@mSiO,-PEG and 3.1 ps for SP@F127
can be ascribed to intramolecular nonradiative decay. Appar-
ently, these short-lived components were largely inhibited by
silica coating relative to F127 encapsulation (0.2% vs. 3.9% for
the intermolecular nonradiative decay, 1.0% vs. 25.7% for the
intramolecular nonradiative decay), which leads to the excited
states of PCPDTBT living longer by an order of magnitude (264.5
ps vs. 19.1 ps). Due to the planar conjugated structure (Fig. 1B),
aromatic interactions and -7 stacking can take place after
F127 encapsulation,® leading to severe aggregation of the SPs,
causing strong intermolecular and intramolecular interactions.
For SP@mSiO,-PEG, cationic surfactant CTAB-mediated phase
transfer and subsequent rigid silica coating were considered to
prevent these interactions by electrostatic repulsion and steric
hindrance. Besides, intramolecular rotation and vibration of
molecules can be inhibited within the silica matrix.**** The
decay of the photoinduced triplet state follows the same trend
(Fig. 3C and F). The average lifetime for the ESA band of
SP@mSiO,-PEG was 223.9 ps, which was much longer than that
of SP@F127 (74.5 ps). The long-lived triplet state would improve
energy or electron transfer to oxygen and amplify the ROS
generation.>

Combining the PLQY and fluorescent lifetime (Fig. S131), the
photophysical properties of both the nanoparticles can be ob-
tained (Table S21) according to previous reports.***” Total
deexcitation rates, including the rate of fluorescence (Ky), rate of
intersystem crossing (Kis.), and rate of nonradiative pathways
(Kur), were close for SP@mSiO,-PEG (8.77 x 10%® s7') and
SP@F127 (8.47 x 10° s~'). Nevertheless, K; for SP@mSiO,-PEG
was around 3.7 times faster than that of SP@F127. In addition,
Kis. for SP@mSiO,-PEG should be largely enhanced due to the
improved ROS generation and similar deexcitation rates.’®
Therefore, the rate of nonradiative decay (K,,;) of SP@mSiO,-
PEG was slowed down here.

On the basis of above results, we conclude that the
confinement effect of the rigid mesoporous silica matrix
significantly reduces the aggregation of PCPDTBT and restricts
the intermolecular and intramolecular interactions, which
inhibits the nonradiative decay rate, prolongs the lifetime of the
excited states and enables strong fluorescent emission and
abundant ROS generation under photon excitation.

Drug loading and persistent ‘OH generation

The drug loading capacity of mesoporous silica can be seriously
influenced after high-density PEG modification.” Fortunately,

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

we found that the loading capacity of DOX can be dramatically
enhanced with the decoration of metal ions on silica (Fig. 4A
and B), which may be related to chelation between metals and
phenolic hydroxyl groups on DOX (Fig. S141). The loading
capacity for Fe*" was determined to be 0.51% using 1.10-phe-
nanthroline as a probe (Fig. S15f). From high resolution
transmission electron microscopy (HRTEM) images, the SPs
were found to be in the core of the nanocomposites, and the
Fe”" ions were most likely located in the mesoporous silica shell
(Fig. S16t). Since the Fe®" jons can be oxidized at high
temperature, it is better to store the nanoparticles in a refriger-
ator (Fig. S177). Fe**-ion-modified SP@mSiO,-PEG (SP@mSiO,-
PEG/Fe) exhibited the highest DOX loading capacity (16.2%)
among all the samples. DOX-loaded nanoparticles (SP@mSiO,-
PEG/FeDOX) presented a grey color (Fig. 4A) with the highest
characteristic absorption of DOX at around 500 nm (Fig. 4B).

In addition, it is exciting to see that the absorbance from
TMB at 656 nm and 900 nm continues to increases for at least
1 h after removing the laser (Fig. 4C), indicating the persistent
generation of "OH from SP@mSiO,-PEG/Fe, even under hypoxic
conditions (Fig. 4D). For SP@mSiO,-PEG, in contrast, the
absorption spectra remain almost unchanged after turning off
the laser (Fig. 4E and F). The Fe** ions themselves also cannot
change the absorbance of TMB (Fig. S181). This means the
photo-generated H,0, was enough to trigger the Fenton reac-
tion with Fe** loaded on the nanoparticles to produce "OH in
situ. This strategy with the photo-generated H,O, would be
advantageous for precise tumor therapy, because it provides
high precision and controllability. In comparison, endogenous
H,0,, H,0, generated by the glucose oxidase catalytic reaction
and other H,0, delivery methods, were relatively less
controllable.>®*!

The release of Fe** and DOX from SP@mSiO,-PEG/FeDOX
exhibited a pH-dependent manner (Fig. 4H). Both of them are
released much faster at lower pH, which can be beneficial for
tumor therapy due to the acidic tumor microenvironment. One
interesting aspect is that the simultaneous release of Fe>" and
DOX could further trigger ferroptosis to improve the therapeutic
outcome.*®

In vitro cytotoxic investigation

Intracellular ROS generation of SP@mSiO,-PEG in cancer cells
under 730 nm laser irradiation under normoxic and hypoxic
conditions was further investigated. The hypoxic environment
was created with a Mitsubishi™ AnaeroPack, and intracellular
hypoxia was confirmed with the hypoxia indicator ROS-ID

Chem. Sci., 2024, 15, 12086-12097 | 12091
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Fig.4 (A) Photographs and (B) corresponding absorption spectra of SP@mSiO,-PEG before and after loading with DOX, Fe?*+DOX, Cu?*+DOX,
and Fe®*+DOX. Persistent *OH generation from SP@mSiO,-PEG/Fe after 730 nm laser irradiation under (C) normoxic and (D) hypoxic conditions.
Generation of "OH from SP@mSIO,-PEG after 730 nm laser irradiation under (E) normoxic and (F) hypoxic conditions. Cumulative release of (G)
DOX and (H) the Fe?* ions from SP@mSiO,-PEG/FeDOX at different pH values.

(Fig. 5A). A 5.2-fold increase in fluorescence was observed after
hypoxic treatment (Fig. 5B), indicating the successful creation
of intracellular hypoxia. Different probes were applied for the
selective imaging of corresponding ROS (Fig. 5C). The probes
emitted weak fluorescence without laser irradiation under
normoxic conditions. Their fluorescence became dramatically
enhanced after exposure to a 730 nm laser (230 mW cm ™2, 10
min), while under hypoxic conditions, the fluorescence from
SOSG became much weaker, indicating that the generation of
10, was inhibited. The other probes still revealed obvious
emission, demonstrating that the generation of "OH and H,O,
through a type-I process was still effective under hypoxic
conditions. The SP@mSiO,-PEG nanoparticles were generally
biocompatible without light. The cytotoxicity increased with
Fe”* modification and became even higher after DOX loading
(Fig. 5D), indicating a chemotherapy effect. Under laser irradi-
ation, SP@mSiO,-PEG exhibited remarkable cell toxicity due to
the efficient PDT (Fig. 5E). The cytotoxicity was only slightly
decreased under hypoxic conditions, proving the effectiveness
of type-I PDT. SP@mSiO,-PEG/Fe and SP@mSiO,-PEG/FeDOX
follow same trends, but the cell inhibition efficiency for
tumor cells was enhanced due to the combination of photody-
namic therapy and chemotherapy.

12092 | Chem. Sci,, 2024, 15, 12086-12097

The mechanism for tumor cell inhibition was further
studied. As shown in Fig. S19-S21,f DOX can not only induce
the apoptosis of cancer cells through DNA damage but also up-
regulate the intracellular H,O, level by activating intracellular
NADPH oxidase 4 (NOX4).*> The semiconducting polymer here
can produce 'O, through type-Il PDT and "OH and H,O,
through type-I1 PDT. Thus, the high level of H,0, generated from
DOX and type-I PDT could further react with ferrous ions to
continually produce highly cytotoxic ‘OH (Scheme 1). The up-
regulated total ROS concentration leads to oxidative damage
to cancer cells and initiates ferroptosis.®® Iron-loaded silica
nanoparticles were also reported to induce ferroptosis in cancer
cells.® To confirm the ferroptosis mechanism, glutathione
(GSH) depletion, glutathione peroxidase 4 (GPX4) down-
regulation, and lipid peroxidation (LPO) were further investi-
gated, which are considered three crucial events during fer-
roptosis.®® The intracellular GSH concentration in SP@mSiO,-
PEG/FeDOX-treated cells under laser irradiation dropped obvi-
ously compared with other groups (Fig. 5F). Similarly, GSH-
associated GPX4 was largely deactivated after incubation with
SP@mSiO,-PEG/FeDOX and laser treatment (Fig. 5G). The
deactivation of GPX4 can suppress the repair function of lipid
antioxidants and block LPO elimination.®® Malonaldehyde
(MDA) was the final product of LPO under oxidative damage.®’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Intracellular hypoxia state imaging with hypoxia indicator ROS-ID and (B) quantitative fluorescence intensities. (C) ROS detection under

normoxic and hypoxic conditions with DCFH-DA, SOSG, APF, and ROSGreen as total ROS, *O,, *OH, and H,O, fluorescence probes, respec-
tively. (D) Cell viabilities of 4T1 cells after incubation with the nanoparticles at different concentrations. (E) Cell viabilities after incubation with
nanoparticles (25 g mL™) and exposure to a 730 nm laser (230 mW cm™2, 10 min). Intracellular (F) GSH content, (G) GPX4 activity and (H) MDA

amount assays after different treatments.

The MDA level for SP@mSiO,-PEG/FeDOX and laser-treated
cells was also the highest among all the groups (Fig. 5H and
S227). Therefore, SP@mSiO,-PEG/FeDOX could inhibit the
viability of cancer cells through apoptosis and ferroptosis
mechanisms with a combination of chemotherapy and photo-
dynamic therapy.

In vivo NIR-II phototheranostics

With their distinguished NIR-II fluorescent property, meso-
porous silica-coated SP nanoparticles could be excellent in vivo
imaging agents. Healthy BALB/c mouse were intravenously
injected with the SP@mSiO,-PEG nanoparticles, and fluores-
cence images were obtained with an InGaAs camera under
808 nm laser irradiation (~60 mW cm ™). The nanoparticles can
circulate with the blood flow, and the whole-body blood vessels
were unambiguously visualized (Fig. 6A). A capillary of 0.17 mm
at the abdomen can be discerned (Fig. 6B), indicating a high
resolution of NIR-II imaging. The feasibility of using
SP@mSiO,-PEG as tumor imaging agents was then validated
with 4T1 tumor bearing mice. The tumor was already visible in
fluorescence images 4 h after injection, and the emission
intensity continued to increase with post-injection time
(Fig. 6C). At 48 h post-injection, the fluorescence intensity at the
tumor site did not change too much (Fig. 6D). Note that the
fluorescence intensity at the tumor was comparable with the
liver at this time, indicating an efficient tumor accumulation of
the nanoparticles, which was difficult to achieve for amphi-
philic polymer-encapsulated fluorophores.®® We believe the

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

high tumor accumulation was related to the long blood circu-
lation time and passive targeting ability of the nanoparticles
due to the dense PEG grafting. To confirm this point of view, the
fluorescence intensities of the liver and major blood vessel at
the hind limb were monitored (Fig. S237). The liver exhibited
the highest fluorescence at 48 h, which then decreased gradu-
ally. The blood vessel was still apparent at 24 h; it became fuzzy
at 36 h and completely invisible after 48 h. These data were
consistent with Fig. 6D. The blood circulation half-life for silica-
coated nanoparticles reached 11.4 h (Fig. S23Bf), which was
superior for phototheranostics applications in vivo. The mice
were sacrificed after 96 h, and ex vivo images confirm the
accumulation of the nanoparticles in the tumor (Fig. 6E).
Besides, the obvious accumulation in the liver and spleen
(Fig. 6F) indicated a metabolic pathway based on the hep-
atobiliary system.

Encouraged by the abundant accumulation of the nano-
particles in the tumor, tumor inhibition experiments were
carried out with these nanoparticles in vivo. 4T1 tumor-bearing
mice were divided into five groups and treated with different
formulae: (i) Saline, (ii) SP@mSiO,-PEG, (iii) SP@mSiO,-PEG/
FeDOX, (iv) SP@mSiO,-PEG + laser, and (v) SP@mSiO,-PEG/
FeDOX + laser. Laser irradiation was performed at 48 h post-
injection. The power density of the 730 nm-laser was adjusted
to 230 mW cm > according to the maximum permissible
exposure (MPE) for skin (ANSI Z136.1-2014). From Fig. 7A, the
SP@mSiO,-PEG nanoparticles (group ii) did not provide any
therapeutic effect, while SP@mSiO,-PEG/FeDOX (group iii)

Chem. Sci., 2024, 15, 12086-12097 | 12093
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exhibited obvious anti-tumor ability due to the chemotherapy
from the combination of Fe** and DOX. In comparison, the
SP@mSiO,-PEG nanoparticles can provide a slightly better
tumor inhibition ratio under laser exposure (group iv). At the

adopted power density, the temperature of the tumors
increased to only around 38.5 °C for group iv (Fig. S247), which
was below the temperature required for photothermal therapy.*
The poor photothermal effect can be related to the inhibited
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Fig. 7 (A) Time-dependent tumor volumes of 4T1 tumor-bearing mice after different treatments: (i) saline, (ii) SP@mSiO,-PEG, (iii) SP@mSiO,-
PEG/FeDOX, (iv) SP@mSiO,-PEG + laser, and (v) SP@mSiO,-PEG/FeDOX + laser. (B) Photographs and (C) weights of isolated tumors after
treatment. (D) Changes in the body weights of the mice during treatment. (E) H&E staining of tumor slides after treatment. Scale bars: 50 um. (**p
< 0.01 and ***p < 0.001).
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nonradiative decay and low power density of the laser. There-
fore, the anti-tumor effect of SP@mSiO,-PEG observed here
results mainly from the PDT effect rather than the photo-
thermal effect. Under same conditions, SP@mSiO,-PEG/FeDOX
revealed the highest anti-tumor activity with laser irradiation,
which can be attributed to the rational combination of
chemotherapy and persistent photodynamic therapy. The ex
vivo tumor images (Fig. 7B) after treatment displayed same
results, and a tumor inhibition ratio of ~85% was obtained for
group v (Fig. 7C). Histopathological tissue analysis of tumor
tissues also confirmed severe cell apoptosis and necrosis after
treatment (Fig. 7E). The high anti-tumor effect was believed to
be related to the effective photosensitization under hypoxic
conditions and subsequent persistent ‘OH generation, which
enhanced apoptosis and ferroptosis. The body weights of the
mice during treatment did not show a significant difference for
each group (Fig. 7D), indicating limited side effects for the
fabricated nanoplatform. In addition, hematoxylin and eosin
(H&E) staining showed no sign of damage in the main organs of
the mice after treatment (Fig. S251), demonstrating the safety of
semiconducting polymer-based nanoparticles and utilization of
the laser. These results show convincingly that mesoporous
silica-coated semiconducting polymers with restricted confor-
mation are a safe and efficient nanoplatform for tumor
phototheranostics.

Conclusions

In summary, we have reported the encapsulation of semi-
conducting polymers within a mesoporous silica matrix, which
leads to 3-5 fold enhancement in NIR-II fluorescence quantum
yield and ROS generation. A femtosecond spectroscopy study
revealed that the excited-state lifetime of PCPDTBT in the silica
matrix was one order of magnitude longer than that in a F127
micelle, which resulted from significantly restricted intermo-
lecular and intramolecular interactions of the confined SP.
Chemotherapy drug DOX was efficiently loaded onto the
nanoparticles after modification with the Fe* ions. The photo-
induced "OH and H,O, through type-I PDT here can be more
competent against tumor hypoxia. Meanwhile, the photo-
generated H,O, was enough to react with the Fe*" ions in situ
to produce 'OH persistently after 730 nm laser irradiation.
Thus, SP@mSiO,-PEG/FeDOX nanoparticles can be used for
NIR-II imaging guided chemotherapy and persistent photody-
namic therapy. This work not only provides a general approach
to fabricating semiconducting polymer-based phototheranostic
nanoplatforms but also inspires the use of the photo-generated
H,O0, for persistent tumor therapy.
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