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Abstract

The lack of a simple design strategy to obtain ideal conjugated polymers (CPs) with high absorbance and fluores-
cence (FL) in the near-infrared-Il (NIR-Il; 1000-1700 nm) region still hampers the success of NIR-II light-triggered
phototheranostics. Herein, novel phototheranostic nanoparticles (PPN-NO NPs) were successfully prepared by coload-
ing a cationic NIR-II CPs (PBC-co-PBF-NMes) and a NO donor (S-nitroso-N-acetylpenicillamine, SNAP) onto a 1:1
mixture of DSPE-PEGy,, and dimyristoylphosphatidylcholine (DMPC) for NIR-II FL and NIR-II photoacoustic (PA)
imaging-guided low-temperature NIR-Il photothermal therapy (PTT) and gas combination therapy for cancer treat-
ment. A precise NIR-Il FL dually enhanced design tactic was proposed herein by integrating flexible nonconjugated
segments (C6) into the CPs backbone and incorporating quaternary ammonium salt cationic units into the CPs side
chain, which considerably increased the radiative decay pathway, resulting in desirable NIR-Il FL intensity and bal-
anced NIR-Il absorption and NIR PTT properties. The phototheranostic PPN-NO NPs exhibited distinguished NIR-II FL
and PA imaging performance in tumor-bearing mice models. Furthermore, the low-temperature photothermal effect
of PPN-NO NPs could initiate NO release upon 980 nm laser irradiation, efficiently suppressing tumor growth owing
to the combination of low-temperature NIR-Il PTT and NO gas therapy in vitro and in vivo.
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Introduction

Nowadays, cancer has caused great risks to public
health. Traditional cancer treatment methods includ-
ing chemotherapy and radiotherapy lead to high recur-
rence rates and drug resistance in patients [1, 2]. In
recent years, near-infrared-II (NIR-II, 1000-1700 nm)
light-excitation phototheranostics has been developed
to enhance the effectiveness of anticancer treatments,
because it allows deeper tissue penetration and a higher
maximum permissible exposure density (1.0 W c¢cm™2)
compared to near-infrared-I light-excitation photo-
theranostics [3-6]. For example, NIR-II photother-
mal therapy (PTT) effectively disrupts the integrity of
cancer cells through photothermal conversion agents
(PCAs) that generate hyperthermia (>45 °C) under
light irradiation [7, 8]. Additionally, PCAs can con-
vert absorbed photon energy into NIR-II fluorescence
(FL) or NIR-II photoacoustic (PA) imaging signals for
real-time and in situ treatment monitoring [9-13].
However, high temperatures reached during NIR-II

PTT also cause unavoidable damage to tissues sur-
rounding tumors, which can lead to inflammatory dis-
eases. Therefore, low-temperature NIR-II PTT, which
ablates cancer cells at temperatures below 45 C, may
be an effective method to avoid damage to normal cells
[14-20]. However, single low-temperature NIR-II PTT
does not exhibit sufficient effectiveness and can lead to
subsequent tumor recurrence. Therefore, it is crucial to
combine low-temperature NIR-II PTT with other ther-
apeutics [21-23]. Gas therapies (e.g., nitric oxide (NO)
and carbon oxide (CO)), as enticing “green” therapeu-
tic modalities, have garnered considerable attention
in cancer treatment owing to their safety and negligi-
ble side effects [24—27]. For example, Cai et al. devel-
oped a CO gas/low-temperature PTT phototheranostic
(PBPTV@mPEG(CO)) that integrates low-temperature
PTT and a hydrogen peroxide (H,O,)-sensitive CO
donor polymer for antitumor therapy [14]. Therefore,
by loading thermal-sensitive gas therapy donors with
PCAs, low-temperature NIR-II PTT/gas combination
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phototheranostics can be developed to successfully
achieve the tumor ablation effect.

To date, various NIR-II-absorbing agents, such as car-
bon nanotubes, gold nanomaterials, quantum dots, con-
jugated small molecule dyes, and donor—acceptor (D-A)
structured conjugated polymers (CPs), have been exten-
sively investigated for NIR-II phototheranostic. Among
these diverse NIR-II-absorbing materials, organic CPs
are advantageous in NIR-II FL/PA imaging-guided NIR-
II PTT because of their reliable biosafety, strong intrinsic
light-harvesting ability, high photothermal conversion,
large Stokes shift, and good NIR-II FL [28-30]. Fur-
thermore, the polymer skeletons of CPs can be flexibly
modified to change their NIR-II optical and therapeutic
properties. However, the NIR-II FL emits from currently
available NIR-II-absorbing CPs is still very weak and do
not meet the requirements of NIR-II FL/PA imaging-
guided NIR-II PTT theranostics.

Therefore, it is necessary to develop CPs with high
NIR-II absorbance and enhanced NIR-II emission using
a simple and precise molecular engineering strategy. The
incorporation of highly conjugated segments or coupling
of strong electron donors/acceptors into the CPs back-
bone are common tactics to realize the NIR-II absorption
wavelength. However, these design approaches hinder
the radiative decay pathway for the dissipation of photon
energy from the excited state and limit the NIR-II emis-
sion intensity of CPs. To address these problems, we pro-
posed three strategies, namely, “electron acceptor density
adjustment” [31], “weak-electron donor incorporation”
[32], and “nonconjugated segment integration” [33] to
adjust the structures of CPs backbones and promote their
NIR-II FL. In addition, water-soluble NIR-II-absorbing
CPs nanoparticles (NPs) exhibit further quenched NIR-
II emissions because of the presence of strong intermo-
lecular m-1 stacking interactions in their aggregate state.
Recently, some researchers have focused on enhancing
the steric hindrance of polymer side chains or exploiting
aggregation-induced emission luminogens (AIEgens) to
block the FL quenching of water-soluble CPs and boost
their NIR-II emission intensity [34—37]. Despite these
progresses, the development of NIR-II-absorbing CPs
with balanced NIR-II FL and photothermal performance
via a convenient and versatile molecular engineering
strategy remains challenging.

This study reports a type of multifunctional NIR-
II PTT/gas cation phototheranostic (PPN-NO NPs)
via coloading a heat-initiated NO donor (S-nitroso-
N-acetylpenicillamine, SNAP) and a NIR-II-absorbing
cationic CPs (PBC-co-PBF-NMe;) for NIR-II FL/PA
imaging-guided low-temperature NIR-II PTT and NO
synergistic therapy of tumors. Herein, a precise dually
enhanced molecular engineering tactic is demonstrated
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for constructing a cationic CPs with strong NIR-II
absorbance, excellent NIR-II FL intensity, and satisfac-
tory photothermal behavior upon 980 nm laser irra-
diation. In detail, flexible nonconjugated segments are
tactfully incorporated into the CPs backbone to achieve
high NIR-II absorption extinction coefficients by con-
trolling the conjugation length of the polymer back-
bone. Quaternary ammonium salt cationic units are also
modified into the side chain of the polymer skeleton to
considerably reduce aggregation-caused FL quench-
ing and improve the NIR-II emission intensity of CPs-
based water-soluble NPs. PPN-NO NPs are prepared by
coencapsulating PBC-co-PBF-NMe; and SNAP into a
1:1 mixture of DSPE-PEGg, and dimyristoylphosphati-
dylcholine (DMPC). The as-prepared PPN-NO NPs can
effectively generate toxic NO during the low-tempera-
ture NIR-II PTT process under 980 nm laser irradiation
to trigger low-temperature NIR-II PTT/gas combina-
tion therapy (Scheme 1). PPN-NO NPs exhibit excellent
performance during 980 nm laser-excited NIR-II FL/PA
imaging and in vivo eradication of tumors.

Results and discussion

Synthesis and photophysical properties of non-conjugated
segment-doped conjugated polymers

In our previous studies, we reported that the coupling of
flexible nonconjugated segments with the CPs backbone
is an effective strategy to control the length of the con-
jugated structure and enhance the NIR-II FL intensity of
CPs. To construct NIR-II fluorescent CPs, two noncon-
jugated segment-doped CPs (PBC-co-PFC and PBC-co-
PBF) were designed using different molar ratios of three
units (electron acceptor, electron donor, and nonconju-
gated segments). This resulted in a varied distribution of
nonconjugated segments within CPs; consequently, these
two polymers have different lengths and compositions of
conjugated segments. PBC-co-PFC and PBC-co-PBF pol-
ymers were synthesized via the standard Stille coupling
polymerization (Scheme 2). In these two polymers, ben-
zobisthiadiazole (BBT) was used as the electron accep-
tor unit in the CPs backbone to shift the absorption and
FL wavelengths of CPs toward NIR-I and NIR-II regions,
respectively. Furthermore, the bromine-functionalized
bis(thiophene-2-yl)fluoren (TFT) derivative was used as
electron donors and postmodification sites to increase
the NIR-II FL of CPs in aqueous solutions. Further-
more, a nonconjugated segment 1,6-bis(thiophen-2-yl)
hexane (C6) with flexible alkyl chain capabilities was
added to the polymer backbone to finely tune the com-
position and length of conjugated segments. As shown
in Scheme 1, the polycondensation of BBT, TFT, and C6
in a 1:1:2 molar feed ratio affords PBC-co-PFC. The flex-
ible hexane chain has two conjugated segments T-BBT-T
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Scheme 1 Preparation of PPN-NO NPs and its application in NIR-Il FL/NIR-Il PA imaging-guided synergistic NIR-Il PTT/NO gas therapy

and T-TFT-T (Scheme 2) in the polymer backbone of
the PBC-co-PFC copolymer. However, using a 2:1:1
molar feed ratio of BBT, TFT, and C6, PBC-co-PBF was
obtained, which comprised conjugated segments of BBT-
TFT and T-BBT-T. PBF was prepared using a 1:1 ratio of
BBT and TFT, where the repeating unit is BBT-TFT. The
molecular structures of PBF, PBC-co-PBF, and PBC-co-
PFC were confirmed via 'H nuclear magnetic resonance
(NMR) spectroscopy (Figures S1-S3). The number-aver-
age molecular weights (Mn) of the obtained polymers
range from 10,000 to 15,000 g/mol with a polydispersity
range of 1.5-1.6 (Figures S4-S6 and Table S1). PBEF, PBC-
co-PBE, and PBC-co-PFC exhibit excellent solubility in
commonly used solvents such as tetrahydrofuran (THF)
and dichloromethane (DCM).

To predict the photophysical properties of PBF, PBC-
co-PBE, and PBC-co-PFC, density functional theory was
used to analyze the electronic properties of the repeat-
ing conjugated segments in the backbones of these poly-
mers. The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels
of repeating units BBT-TFT, T-BBT-T, and T-TFT-T are

shown in Fig. 1. The calculated energy bandgaps of BBT-
TFT, T-BBT-T, and T-TFT-T are 1.34, 1.33, and 3.20 eV,
respectively.

The photophysical properties of PBF, PBC-co-PBE,
and PBC-co-PFC polymers were measured in THE. As
shown in Fig. 2a, PBF exhibits strong absorption in the
wavelength range of 600-900 nm. Meanwhile, PBC-co-
PBF and PBC-co-PFC polymers exhibit broader wave-
length absorption bands (700-1050 nm), extending even
to the NIR-II region. The main absorption peaks of PBE,
PBC-co-PBE, and PBC-co-PFC are 765 nm, 808 nm, and
831 nm, respectively. This indicates a clear redshift in
the absorption wavelength when nonconjugated seg-
ments are introduced into the polymer backbone, prob-
ably because the repeating conjugated segment T-BBT-T
in PBC-co-PBF and PBC-co-PFC has a lower bandgap
than the repeating conjugated segment BBT-TFT in PBF,
according to theoretical calculations shown in Fig. 1.
Moreover, PBF, PBC-co-PBF, and PBC-co-PFC are com-
pletely soluble at a concentration of 0.2 mg mL™" in THE
(Figure S7). The extinction coefficients of PBF, PBC-
co-PBF, and PBC-co-PFC at the main absorption peak
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Scheme 2 Synthetic route of PBF, PBC-co-PBF, and PBC-co-PFC polymers

are 4.70, 15.22, and 9.84 L/g cm, respectively (Figs. 2b
and S8). These results confirm that the incorporation of
nonconjugated groups into the polymer backbone posi-
tively affects the polymer by improving its absorption
wavelength and light-harvesting ability via enhancing its
electron-donating ability and decreasing the bandgap of
repeated conjugated segments.

More importantly, the NIR-II FL spectra of PBF, PBC-
co-PBF, and PBC-co-PFC polymers were measured after
808 nm light excitation. As shown in Fig. 2c, the maxi-
mum NIR-II FL peaks of PBF, PBC-co-PBF, and PBC-
co-PFC are observed at 990 nm, 1046 nm, and 1076 nm,
respectively, with a weak shoulder peak at 1250 nm. In

P(o-toly)3, Pd2(dba)s
—»
Toluene, 100 °C
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particular, the PBF solution exhibits a 1.9-fold higher FL
intensity at the emission peak compared to PBC-co-PBF
and PBC-co-PFC at the same concentration. It also has
similar properties under the same 808 nm absorbance
conditions (Fig. 2d and e). Furthermore, the NIR-II fluo-
rescent images of PBF, PBC-co-PBF, and PBC-co-PFC in
a THF solution were captured under a 1064 nm long pass
filter. As shown in Fig. 2f, all three polymers show bright
NIR-II fluorescent images and no obvious difference in
their signal intensities is observed. This performance may
be rationalized using their NIR-II FL spectra, which show
similarly quantified integrated intensities of these poly-
mers in the 900—1350 nm region (Figures S9 and S10).
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Fig. 1 Diagram of the LUMO and HOMO energy levels of repeating units BBT-TFT, T-BBT-T, and T-TFT-T
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Synthesis, photophysical properties, and NIR-1I FL
enhanced properties of cationic polymers

To endow hydrophobic CPs with water solubility for
biomedical imaging and therapy applications, poly-
mers need to self-assemble into NPs with amphiphilic
copolymers via the nanoprecipitation method. However,
typical CPs usually exhibit strong aggregation-caused
quenching (ACQ), which results in the low NIR-II FL
intensity of water-soluble NPs and hampers their appli-
cations in biological imaging. To address the problem
of ACQ, three neutral polymers, PBF, PBC-co-PBF, and
PBC-co-PFC, were further quaternizated into quater-
nary ammonium salt-modified cationic polymers, named
PBF-NMe,, PBC-co-PBF-NMe;, and PBC-co-PFC-NMe;,
respectively (Fig. 3a and Scheme S1). The molecular
structures of PBF-NMe,, PBC-co-PBF-NMe,, and PBC-
co-PFC-NMe, were confirmed via 'H NMR spectroscopy
(Figures S11-S13). The photophysical properties of PBF-
NMe;, PBC-co-PBF-NMe,;, and PBC-co-PFC-NMe; in
DCM were investigated. As shown in Fig. 3b, the color
of polymer solutions changes from brown (PBF-NMe;) to
green (PBC-co-PFC-NMe;) in DCM (0.2 mg mL™). As
shown in Figs. 3c and S14, the maximum absorption of
PBF-NMe;, PBC-co-PBF-NMe;, and PBC-co-PFC-NMe;
is observed at 778 nm, 812 nm, and 830 nm, respectively.
The FL spectrum of PBF-NMe;, PBC-co-PBF-NMe,, and
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PBC-co-PFC-NMe; excited under 808 nm light covers
the NIR-II window, and the maximum emission peaks
of PBF-NMe,;, PBC-co-PBF-NMe;, and PBC-co-PFC-
NMe, are observed at 988 nm, 1050 nm, and 1072 nm,
respectively (Fig. 3d). In particular, the PBF-NMe; solu-
tion exhibits a 2.1-fold higher FL intensity at the emis-
sion peak compared to PBC-co-PFC-NMe; at the same
concentration (Figure S15). It also has similar proper-
ties under the same 808 nm absorbance conditions (Fig-
ures S16-S18). These results are similar to those of its
neutral CPs, implying that the photophysical properties
of cationic polymers are not affected by the inclusion of
quaternary ammonium salt pendants in the side chains.
Next, we encapsulated six polymers (PBF, PBC-co-PBE,
and PBC-co-PFC, PBF-NMe;, PBC-co-PBF-NMe;, and
PBC-co-PFC-NMe;) with DMPC and investigated their
NIR-II FL performance in an aqueous solution. First, as
shown in Figures S19 and S20, the NPs are evenly dis-
persed in water. Dynamic light scattering (DLS) analy-
sis shows that PBF NPs, PBC-co-PBF NPs, PBC-co-PFC
NPs, PBF-NMe; NPs, PBC-co-PBF-NMe; NPs, and PBC-
co-PFC-NMe; NPs have a particle size about 100 nm
(Figures S21 and S22). PBF-NMe; NPs, PBC-co-PBE-
NMe; NPs, and PBC-co-PFC-NMe; NPs are positively
charged (Figure S23). As shown in Fig. 4a, b, S24, and
§25, some differences are observed in the absorption
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Fig. 3 a Chemical structures and b photographs of PBF-NMes, PBC-co-PBF-NMe,, and PBC-co-PFC-NMe; in a DCM solution (0.2 mg mL™).
¢ Normalized absorption spectra and d NIR-Il FL spectra (under 808 nm laser excitation) of cationic polymers PBF-NMe;, PBC-co-PBF-NMe,

and PBC-co-PFC-NMe; at the same concentration
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Fig. 4 Normalized absorption spectra of (a) neutral polymer-based PBF NPs, PBC-co-PBF NPs, and PBC-co-PFC NPs and (b) cationic polymer-based
PBF-NMe; NPs, PBC-co-PBF-NMe; NPs, and PBC-co-PFC-NMe; NPs at the same concentration. NIR-II FL spectra of (c) PBF NPs and PBF-NMe,

NPs, d PBC-co-PBF NPs and PBC-co-PBF-NMe; NPs, and (e) PBC-co-PFC NPs and PBC-co-PFC-NMe; NPs in an aqueous solution under 808 nm

laser excitation at a concentration of 0.1 mg mL~". NIR-Il FL spectra of (f) PBF NPs and PBF-NMe; NPs, g PBC-co-PBF NPs and PBC-co-PBF-NMe,
NPs, and h PBC-co-PFC NPs and PBC-co-PFC-NMe; NPs in an aqueous solution under 808 nm laser excitation with the same absorbance. i
Corresponding quantified FL integrated intensities (range =900-1350 nm) of (c), (d), and (e). j Corresponding quantified FL integrated intensities
(range =900-1350 nm) of (), (g), and (h). NIR-Il fluorescent images of PBF-NMe; NPs and PBF NPs, PBC-co-PBF-NMe; NPs and PBC-co-PBF NPs,

and PBC-co-PFC-NMe; NPs and PBC-co-PFC NPs in an aqueous solution (k) at a concentration of 0.1 mg mL~" and (I) with the same absorbance

at 808 nm (under 808 nm laser excitation and with a 1064 nm LP filter). (I: PBF NPs, Il: PBC-co-PBF NPs, lll: PBC-co-PFC NPs, IV: PBF-NMe; NPs, V:

PBC-co-PBF-NMe; NPs, VI: PBC-co-PFC-NMe; NPs)

spectra of cationic and neutral polymer-based NPs. The
main absorption peaks of cationic CPs-based NPs are
observed at 790 nm (PBF-NMe; NPs), 844 nm (PBC-co-
PBF-NMe; NPs), and 870 nm (PBC-co-PFC-NMe,; NPs),
respectively, indicating that quaternary ammonium mod-
ification redshifts the absorption wavelength compared
to PBF NPs (784 nm), PBC-co-PBF NPs (832 nm), and
PBC-co-PFC NPs (854 nm), respectively.

To investigate the fluorescence anti-quenching proper-
ties of cationic CPs when they self-assemble with DMPC
in water, we recorded the NIR-II fluorescence spectra of
six prepared water-soluble nanoparticles. As shown in
Fig. 4c, PBF-NMe; NPs with quaternary ammonium on
all conjugated sites exhibit a 1.9 times higher FL inten-
sity than PBF NPs. However, the FL intensity of PBC-
co-PFC-NMe; NPs is only 1.2 times higher than that of
PBC-co-PFC NPs (Fig. 4d). In addition, the FL intensity
of PBC-co-PBF-NMe; NPs is 2.4-fold higher than that

of PBC-co-PBF NPs (Fig. 4e). These results indicate that
the NIR-II FL intensity of cationic CPs-based NPs is
stronger than that of neutral CPs-based NPs at the same
concentration. Notably, PBC-co-PBF-NMe,, containing
BBT-TFT and T-BBT-T conjugated segments, exhibits
a considerably enhanced FL intensity compared to that
of PBC-co-PFC-NMe; with T-BBT-T and T-TFT-T seg-
ments. Then, the NIR-II FL imaging capabilities of these
NPs were evaluated. As shown in Figs. 4k and S26, PBC-
co-PBF-NMe,; NPs also exhibit the strongest FL enhance-
ment performance. A comparison of the chemical
structures in PBC-co-PBF-NMe; and PBC-co-PFC-NMe,
shows that quaternary ammonium is located within BBT-
related segments (BBT-TFT) of PBC-co-PBF-NMe;,,
however, quaternary ammonium is dispersed among
T-TFT-T segments in PBC-co-PFC-NMe,. Therefore, it
is deduced that the enhancement in the FL intensity of
cationic CPs is associated with the position of quaternary
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ammonium within the conjugated segment. The modifi-
cation of quaternary ammonium at the electron acceptor
site may result in looser intrachain stacking, which ben-
efits the anti-quenching properties of cationic CPs and
increases the NIR-II FL intensity of cationic CPs.

To further understand the FL enhancement, we stud-
ied the NIR-II FL spectra and imaging of NPs at the same
808 nm absorption wavelength (Figs. 4f-h, j, S27, and
S28). PBC-co-PBF-NMe,; NPs exhibit the highest NIR-II
FL intensity and the strongest FL enhancement perfor-
mance among all synthesized NPs. These results provide
additional evidence for the aforementioned conclu-
sion. Next, the NIR-II photothermal properties of these
obtained water-soluble NPs were evaluated. As shown in
Figures S29-S31, the temperature of PBC-co-PBF-NMe;
NPs is 47.9 °C after 5 min of irradiation using a 980 nm
laser (1.0 W cm™2). However, under the same condi-
tions, the temperatures of PBF-NMe; NPs and PBC-
co-PFC-NMe; are slightly lower (41.2 C and 43.7 C,
respectively), probably owing to their relatively weaker
absorption at 980 nm. These results suggest that changes
in the distribution of nonconjugated groups in the poly-
mer backbone may afford CPs-based NPs with extended
absorption in the NIR-II region, enhanced NIR-II FL, and
strong NIR-II photothermal effects. This may be an effec-
tive molecular engineering strategy for designing NIR-II
phototheranostics.

Preparation and characterization of PPN-NO NPs

Based on the above properties, PBC-co-PBF-NMe; was
selected for biological applications owing to its satis-
factory absorption in the NIR region, high NIR-II FL
intensity after assembly with DMPC, and desirable pho-
tothermal properties under 980 nm laser irradiation. As
shown in Fig. 5a, we prepared a 980 nm laser-triggered
NIR-II PTT/NO gas synergistic therapy photothera-
nostics using PBC-co-PBF-NMe;. PPN-NO NPs are
prepared by coencapsulating PBC-co-PBF-NMe; and
heat-initiated SNAP as an NO donor in a 1:1 mixture
of DSPE-PEGg,, and DMPC. The loading efficiency of
SNAP in PPN-NO NPs is 3.11%, according to the stand-
ard curve and UV absorption curve during the illumina-
tion process (Figure S32). The DLS results in Fig. 5b show
that PPN-NO NPs have an average hydrodynamic diam-
eter (D;) of 96.2 nm and with a low polydispersity index
of 0.12. The TEM images show that PPN-NO NPs have a
spherical morphology (Fig. 5c). After 10 days of preserva-
tion of PPN-NO NPs in a phosphate buffered saline (PBS)
solution containing 10% fetal bovine serum and Dulbec-
co’s Modified Eagle medium, there was little change in
D, (Figures S33 and S34). The EDS element mapping of
PPN-NO NPs shows N and O are well distributed across
NPs, demonstrating successful SNAP loading (Fig. 5d).
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As shown in Figs. 5e and S35, the absorption spectrum of
PPN-NO NPs ranges from 700 to 1050 nm. Figure 5f and
g show that PPN-NO NPs exhibit a strong NIR-II emis-
sion band and NIR-II fluorescent images upon excitation
at 808 nm and 980 nm, respectively. Unlike IR1061, the
NIR-II FL intensity of PPN-NO NPs remains nearly con-
stant for 50 min (808 nm, 1.0 W cm™?), indicating that
PPN-NO NPs are photostable (Figure S36).

As shown in Figs. 5h and S37, the temperature of PPN-
NO NPs (at a concentration of 0.2 mg mL™") increases to
47.5 °C upon 980 nm laser (1.0 W cm™2) irradiation for
5 min, which is high enough to effectively eliminate can-
cer cells. The photothermal conversion efficiency of PPN-
NO NPs is 21.37%. As shown in Fig. 5i, the temperature
of the aqueous PPN-NO NPs solution increases with an
increase in its concentration. The heat generation per-
formance of PPN-NO NPs is negligibly attenuated after
five on—off irradiation cycles, demonstrating their excel-
lent photothermal stability (Fig. 5j). In addition, PPN-NO
NPs exhibit strong PA signals under 980 nm laser exci-
tation (Fig. 5k). The NIR-II PA signals intensity of PPN-
NO NPs demonstrate an excellent linear relation with the
NPs concentration (Figure S38). The heat generated from
the photothermal performance of PPN-NO NPs can trig-
ger the decomposition of SNAP and induce NO gen-
eration. Therefore, we further studied the NO releasing
efficiency of PPN-NO NPs using the Griess agent, which
is a typical NO sensor with a responsive absorption of
540 nm. Interestingly, a noticeable increase in the 540 nm
absorption is observed after the 980 nm laser irradiation
of PPN-NO NPs (1.0 W cm™) for 10 min, indicating the
successful NO release from PPN-NO NPs via the NIR-II
photothermal effect (Fig. 51). The NO release from PPN-
NO NPs reaches a plateau after 40 min of irradiation,
and the cumulative NO release ratio is about 60% (Figure
S32).

In vitro antitumor activity of PPN-NO NPs

First, the uptake of PPN-NO NPs was observed via flow
cytometry and confocal laser scanning microscopy
(CLSM), which showed that PPN-NO NPs are ingested
in large quantities within 4 h (Figure S39). Encouraged
by their NIR-II photothermal performance and light-
responsive NO release, we investigated the in vitro anti-
tumor efficacy of PPN-NO NPs using 4T1 cancer cells
as a model. First, we examined the intracellular NO gen-
eration in 4T1 cancer cells using CLSM with commercial
DAF-FM DA as a fluorescent probe. As shown in Fig. 6a,
the CLSM images show the bright green FL signals of
DAF-FM DA in 4T1 cells treated with PPN-NO NPs and
10 min of 980 nm laser irradiation (1.0 W c¢m™2), dem-
onstrating elevated NO levels in 4T1 cells. Second, we
studied the antitumor effect of PPN-NO NPs as an ideal
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Fig.5 a Schematic of the preparation of PPN-NO NPs. b Average hydrodynamic diameters (D;), ¢ transmission electron microscopy (TEM)

images (scale bar=200 nm), and d TEM energy-dispersive X-ray spectroscopy (EDS) element mapping of PPN-NO NPs (scale bar=50 nm). e
Absorption spectra of PPN-NO NPs in water. Inset: Photograph of PPN-NO NPs solutions. NIR-Il FL spectra and NIR-Il FL images of PPN-NO NPs
under f 808 nm and g 980 nm laser excitation. Inset: NIR-Il fluorescent images of PPN-NO NPs. h Photothermal performance of PPN-NO NPs

(0.2 mg mL™") upon excitation using a 980 nm laser (1.0 W cm™) and linear correlation of the cooling times vs. negative natural logarithm of driving
force temperatures for PPN-NO NPs. i Photothermal heating curves of water and PPN-NO NPs at concentrations of 0.20,0.15, and 0.10 mg mL™'
under 980 nm laser irradiation (1.0 W cm™2). j Photothermal stability of aqueous PPN-NO NPs solution during five on/off irradiation cycles using

a 980 nm laser at a power density of 1.0 W cm™ k PA images of PPN-NO NPs at various concentrations under 980 nm laser excitation. | Release
curve of NO in PPN-NO NPs upon 980 nm laser irradiation (1.0 W cm™?) (n=3). Data are represented as mean +standard deviation (SD)

NIR-II PTT/NO phototheranostic agent using MTT  respectively. The cells in the PPN-NO NPs+ 980 nm laser
assays. Figure 6b shows that the survival rates of cells group exhibit almost completely red-stained FL (Fig. 6¢),
in the PBS, PPN-NO NPs, PPN NPs+980 nm laser, and  which further manifesting efficiently damage mediated
PPN-NO NPs+980 nm laser groups are 96%, 93%, 64%, by synergistic NIR-II PTT/NO therapy of PPN-NO NPs.
and 13%, respectively. These results demonstrate that However, fewer dead cells are observed in the individual
the synergistic NIR-II PTT/NO therapy based on PPN-  NIR-II PTT and NO therapy group and control groups
NO NPs can effectively kill 4T1 cancer cells. A live/dead  (cells treated by PPN-NO NPs only or PPN NPs+ 980 nm
cancer cell viability assay was also performed to evalu- laser). Finally, the same results are obtained via flow
ate the in vitro antitumor efficacy of PPN-NO NPs. Liv-  cytometry analysis. As shown in Fig. 6d, the cell apoptosis
ing and dead cells were stained with Calcein AM (green rate is the highest (85.90%) in the PPN-NO NPs+ 980 nm
FL for living) and propidium iodide (red FL for dead), laser group, and it exceeds that of the individual PPN
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NPs+980 nm laser group (37.29%), demonstrating the
superior cytotoxicity of the combination NIR-II PTT/NO
therapies.

In vivo antitumor activity of PPN-NO NPs

Encouraged by the in vitro synergistic therapeutic
results, we further studied the feasibility of PPN-NO NPs
for NIR-II FL/PA imaging-guided NIR-II PTT/NO com-
bination therapy in 4T1 tumor-bearing mice. First, we
captured the 980 nm laser-excited NIR-II FL and NIR-
II PA imaging spectra after the intravenous injection of
PPN-NO NPs into model mice. As shown in Fig. 7a and
¢, the NIR-II FL and NIR-II PA signals in tumor sites can

be observed at the infection site after 8 h postinjection of
PPN-NO NPs. Meanwhile, the intensity of NIR-II FL and
NIR-II PA imaging signals in the tumor region increases
and reaches the maximum at 24 h (Fig. 7b and d), where
the imaging intensities are 3.1- and 15.3-fold higher than
that before injection, respectively, suggesting the promi-
nent tumor-accumulation ability of PPN-NO NPs is
motivated by the enhanced permeability and retention
effect. After 24 h postinjection, the ex vivo NIR-II FL and
NIR-II PA images of the tumor, liver, spleen, lung, and
kidney of model mice were assessed. As shown in Fig-
ures 540 and S41, the imaging signal in the tumor region
appears brighter than that in other tissues, which is
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irradiation (1.0 W cm™2, 5 min) (n=3). Data represent mean + standard deviation (SD)

beneficial for the subsequent in vivo therapy against the
tumor.

4T1 tumor-bearing mice were randomly divided
into two groups, PBS and PPN-NO NPs+980 nm laser
groups. After 24 h postinjection intravenous injection
of NPs, we performed 980 nm laser irradiation on the
tumor region of the mice in the PBS and PPN-NO NPs
groups for in vivo photothermal evaluation. As shown in
Figs. 7e and f, the temperature at the tumor site rapidly
increases to 47.2 °C for the PPN-NO NPs+980 nm laser
groups after 5 min irradiation (980 nm, 1.0 W cm™?),
which is high enough for killing tumor tissues and initiate
NO generation, ensuring the NIR-II PTT/NO combina-
tion therapy.

After different treatments, we measured the tumor
volume within 15 days, as shown in Fig. 8a. A steady
increase is observed in the tumor in the PPN-NO NPs
groups with time, and the tumor growth shows a 10.4-
fold increase, suggesting that PPN-NO NPs alone have
little inhibitory influence on tumor growth. In stark con-
trast, the tumor growth in the treatment groups, includ-
ing PPN NPs+980 nm laser and PPN-NO NPs+ 980 nm
laser groups, shows 7.4- and 1.4-fold increase, respec-
tively, indicating that combination therapy can inhibit
tumor growth (Fig. 8a). As expected, the tumor growth-
inhibition performance of PPN-NO NPs+ 980 nm laser is
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better than that of PPN NPs+ 980 nm laser owing to the
combination of NIR-II PTT and NO. During the whole
treatment period, no treatment-caused virtual changes
in the body weight are observed, indicating minimal side
effects of PPN NPs on living mice (Figure S42). After
15 days of treatment, the tumors were collected (Fig. 8b).
The tumor weight is considerably lower in the PPN-NO
NPs+980 nm laser group (0.16 g) compared to the con-
trol (1.21 g), PPN NPs (1.17 g), and PPN NPs+980 nm
laser groups (0.82 g). These results further confirm the
excellent in vivo NIR-II PTT/NO combination therapy
performance of PPN-NO NPs with the aid of 980 nm
laser irradiation (Fig. 8c).

Next, tumor tissues were further assessed via hema-
toxylin and eosin (H&E) staining, terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling (TUNEL)
staining, and immunohistochemistry (Ki-67) immu-
nofluorescence staining after 15 days of treatment
(Fig. 8d). H&E and TUNEL staining results from the
PPN-NO NPs+980 nm laser group exhibit consider-
able cell necrosis and remarkable abnormality of tumor
cells, suggesting a favorable antitumor ability. How-
ever, little damage to the tumor tissues is observed in
the control and PPN NPs groups. Furthermore, the
Ki-67 immunofluorescence staining analysis indicates
that the PPN-NO NPs+980 nm laser group possesses
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Fig. 8 a Changes in the tumor volume in the 4T1 tumor-bearing mice in different groups during the 15-day study after various treatments (n=3).
b Tumor images and (c) weights after 15-day treatment (n=3). d The H&E, TUNEL, and Ki-67 immunofluorescence staining images of the tumor
after 15-day treatment (scale bar=100 um). (I: PBS, Il: PPN-NO NPs, IIl: PPN NPs+laser, IV: PPN-NO NPs+laser (1.0 W cm™?)). Data are represented

as mean + standard deviation (SD). (No significance: n.s.,, *p <0.05, **p <0.01, ***p <0.001)

a lower number of proliferating tumor cells compared
to other groups, which is consistent with H&E and
TUNEL staining results. The results from in vivo treat-
ments highlight the excellent antitumor efficacy of
PPN-NO NPs by a combination of NIR-II PTT and NO
gas therapy.

The in vivo biosafety of PPN-NO NPs was further eval-
uated by analyzing the blood biochemical indexes. The
parameters of biochemical indexes, including liver and
kidney function markers, remain within the normal range
in the PPN-NO NPs+980 nm laser group 15 days post-
treatment and show no apparent difference compared
to other control groups (Figure S43a), demonstrating
the good biological security of PPN-NO NPs. The H&E
staining images of major organs (heart, liver, spleen, lung,
and kidney) resected from the PPN-NO NPs+980 nm
laser group show no signs of infection or inflammation,

further supporting the low systemic toxicity of PPN-NO
NPs (Figure S43b).

Conclusion

Herein, a multifunctional gas/phototheranostic (PPN-
NO NPs) was developed for NIR-II FL/PA imaging-
guided low-temperature NIR-II PTT and NO gas
combination therapy for tumor theranostics. A precise
dually enhanced engineering strategy combining flex-
ible nonconjugated segments and quaternary ammo-
nium salt cationic units into the CPs backbone and
side chain was developed, which allowed the flexible
tuning of NIR-II absorption and photothermal conver-
sion capacity and boosted the NIR-II FL properties of
PBC-co-PBF-NMe;. PPN-NO NPs were engineered by
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encapsulating PBC-co-PBF-NMe; and SNAP in a 1:1
mixture of DSPE-PEGs;,, and DMPC. PPN-NO NPs
not only exhibit low-temperature photothermal behav-
ior but also enable the controlled release of NO to initi-
ate gas therapy upon 980 nm laser irradiation. In vivo
experiments showed that PPN-NO NPs possess promi-
nent NIR-II FL/PA imaging efficiency and remarkable
NIR-II PTT/NO synergistic ablation capability towards
tumor.
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