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Multimodal synergistic therapy is an effective means to improve therapeutic outcomes against cancer.
Herein, a nanotherapeutic platform for highly efficient photodynamic and NO synergistic therapy
through the generation of peroxynitrite (ONOO™) was constructed. Specifically, a new small molecule
photosensitizer (DMATPE-MN) and photoinduced NO donor (NTA-CN) were subtly designed, which
displayed similar light absorption in the visible light region. Under the same light irradiation, DMATPE-
MN and NTA-CN can generate a superoxide anion free radical (O,*") and an NO radical, respectively.
Then, NTA-CN and DMATPE-MN were integrated together into nanocarriers formed from amphiphilic
pillararene (WP5-PEG-OH) through host—guest and hydrophilic/hydrophobic mechanisms. Exhilaratingly,
the NO generation efficiency of NTA-CN can be significantly improved after host—guest complexation
with WP5-PEG-OH. It is even more exciting that the formed nanodrug WP5-NTA/MN can generate
ONOO™ after light irradiation. As a result, WP5-NTA/MN exhibited outstanding biocompability and
showed high tumor cell lethality under both normoxic and hypoxic conditions. Furthermore, the
experimental results in vivo also demonstrated its good biosafety and ability to inhibit tumor growth.
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Thus, we provided a highly promising nanoplatform for multimodal synergistic therapy.

Introduction

To date, cancer continues to be one of the leading causes of death
worldwide." To address this severe challenge, new therapeutic
methods, for example NO therapy and photodynamic therapy
(PDT), are springing up.>” NO therapy and PDT cause tumor cell
death through the NO radical and reactive oxygen species (ROS),
respectively, generated during treatment.®’* Both treatments
show non-invasiveness and high therapeutic effects. However,
the therapeutic effects of NO therapy are limited by NO concen-
tration, and the O, content in a tumor cell also has a large effect
on the therapeutic outcome of PDT."""*® Therefore, a combination
of NO therapy and PDT is usually a better choice for improving
therapeutic effects against cancer.’*?” Among them, NO therapy
and type I PDT synergistic therapy are particularly notable because
it can generate higher levels of cytotoxic peroxynitrite (ONOO ™) via
the reaction between NO radicals and superoxide anion free
radicals (O,* ) during the therapeutic process.>*** ONOO™ is a
multitargeting cytotoxic group, which is capable of reacting with a
series of substrates in a tumor cell, such as lipids, DNA and
proteins.***! Therefore, the combination of NO therapy and type I
PDT can more conveniently maximize the synergistic effects of
these two therapeutic methods.

The highly efficient and controllable release of NO by NO
donors under external or internal stimulation is key to the
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implementation of NO therapy for tumors. To date, various
types of NO donors, including N-diazeniumdiolates, S-nitroso-
thiols, metal nitrosyls, organic nitrates, furoxans, and N-nitros-
amines, have been widely used in tumor therapy.®'*3*3* The
best of them have even been applied in the clinical practice.
Nevertheless, their shortcomings cannot be ignored. Some NO
donors can spontaneously decompose or release NO prema-
turely without reaching the symptomatic site. Furthermore, the
external or internal factors that can trigger NO release by these
NO donors are not unique, making it difficult to achieve a more
controllable release of NO. In addition to the above molecules,
nitrobenzene compounds, represented by 4-nitro-3-(trifluoro-
methyl)aniline (NTA), were also early organic NO donors.**®
NTA and its derivatives are extremely thermally and chemically
stable. The most important thing is that light irradiation is the
only stimulation to trigger their NO release, which makes it
convenient for their use in NO therapy and PDT synergistic
therapy. Although NTA derivatives have been combined with
some photosensitizers to build combined NO and PDT ther-
apeutic systems, there are some problems in these systems,*” ™
First, many existing systems suffer from inefficient NO release.
It is rather crucial to find appropriate methods to further
enhance the NO release efficiency of NTA derivatives. Second,
the selected photosensitizers cannot display type I photody-
namic activity of photosensitizers, making it difficult to achieve
synergistic therapy. Finally, NO donors and photosensitizers
have not been subject to specific structural design. It is difficult
to make their absorption ranges consistent, which causes
difficulty in unifying the light sources for the two treatment
modes. Therefore, to date, there have been no reports of NO
therapy and type I PDT synergistic therapeutic systems based
on NTA derivatives.

In this study, a new NTA derivative, NTA-CN, and a small
molecule photosensitizer, DMATPE-MN, were subtly designed
and successfully synthesized (Fig. 1). Through their specific
structural design, NTA-CN and DMATPE-MN displayed the
strongest light absorption in similar spectral ranges, which is
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beneficial for their application under the same light irradiation.
Using a single white light source, NTA-CN can release NO, and
DMATPE-MN displayed excellent type I photodynamic activity to
generate O,* . Then, NTA-CN and DMATPE-MN are loaded into
the nanocarriers formed by our previously reported amphiphilic
pillararene WP5-PEG-OH"' through host-guest and hydrophilic/
hydrophobic mechanisms, respectively.***> WP5-PEG-OH can not
only provide the nanocarriers with good water solubility for NO
donor and photosensitizer but can also significantly improve the
photoinduced NO release ability of NTA-CN after host-guest
complexation. As expected, the formed nanodrug WP5-NTA/MN
can generate ONOO ™ to complete NO and type I PDT synergistic
therapy (Fig. 1). As a result, after exposure to white light, WP5-
NTA/MN can effectively kill HeLa cells under both normoxic and
hypoxic conditions. Moreover, WP5-NTA/MN still performed well
in vivo, showing outstanding biosafety and ability to inhibit tumor
growth. Therefore, herein, a simple potential NO and PDT syner-
gistic therapeutic system was constructed to achieve highly effi-
cient cancer treatment.

Results and discussion

The methods for synthesising NTA-CN and DMATPE-MN are
summarized in ESIT (Schemes S1 and S2). The intermediates
and final products were characterized by nuclear magnetic
resonance (NMR) spectra (Fig. S1 and S2, ESI¥).

After obtaining NTA-CN, we first confirmed its host-guest
interaction with WP5-PEG-OH via NMR and fluorescence titra-
tion experiments. As shown in the "H NMR spectra (Fig. 2),
when WP5-PEG-OH and NTA-CN were mixed at a molar ratio of
1:1, the peaks of protons in the aliphatic chain of NTA-CN
shifted significantly towards high field. These results revealed
that the aliphatic chain of NTA-CN can penetrate the electron-
rich cavity of WP5-PEG-OH to form a host-guest complex (WP5-
PEG-OH D NTA-CN). After complexation of NTA-CN with WP5-
PEG-OH, its fluorescence intensity will be enhanced due to the
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Fig. 1 The chemical structures of WP5-PEG-OH, NTA-CN and DMATPE-MN, and an illustration of their applications in NO and type | PDT synergistic

therapy.
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Fig. 2 The H NMR spectra of WP5-PEG-OH (10 uM), WP5-PEG-OH +
NTA-CN (10 pM + 10 pM) and NTA-CN (10 uM) in CDCls.
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Fig. 3 (a) The light absorption spectra of NTA-CN and DMATPE-MN in
CH,Cly. (b) The NO release profiles of NTA-CN (30 uM) and WP5-PEG-
OH>NTA-CN (30 uM for NTA-CN) in H,O/DMF (9/1).

restricted movement of the side chains of NTA-CN. Therefore,
the continuously enhanced fluorescent intensity of NTA-CN
upon addition of WP5-PEG-OH can also prove their host-guest
behavior (Fig. S4a, ESIt). Their association constant K, and
stoichiometry were calculated to be (1.27 4 0.10) x 10*M ™" and
1:1, respectively (Fig. S4b, ESIt).

According to the light absorption spectrum of NTA-CN
(Fig. 3a), white light was used to trigger NO release by NTA-
CN. It can be seen from Fig. 3b that under light irradiation
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Fig. 5 (a) Transmission electron microscopy images of WP5-NTA/MN.
(b) The size distribution of WP5-NTA/MN.

(25 mW em™>), NTA-CN in the absence of WP5-PEG-OH showed
very poor NO release ability. Surprisingly, after complexation
with WP5-PEG-OH, the NO release efficiency of NTA-CN showed
a multifold increase under the same conditions. The enhanced
photoactivity of NTA-CN after forming a host-guest complex
may be attributed to the increased nitro-aromatic twist angle
and suppressed intersystem crossing relaxation.¢™*°

Next, the photodynamic activity of DMATPE-MN was stu-
died. DMATPE-MN displayed strong light absorption between
350 nm and 450 nm, coinciding with that of NTA-CN (Fig. 3a).
Their similar range of light absorption facilitates their combi-
nation to use the same light source for tumor therapy. First,
9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) and
aminophenyl fluorescein (APF) were used to detect the generation
of singlet oxygen (*0,) and hydroxyl radicals (*OH) of DMATPE-
MN in CH,CI, under white light irradiation. The absorbance of
ABDA at 380 nm will decrease after reacting with '0,. Similarly,
the fluorescence intensity of APF will increase when meeting *OH.
As shown in Fig. S6 (ESIt), Fig. 4a and b, both the changes in
absorbance of ABDA and the changes in fluorescence of APF were
relatively small, and the changes in the experimental and blank
groups were the same. These results demonstrated that DMATPE-
MN cannot generate 'O, or *OH after exposure to light. Further-
more, dihydroethidium (DHE) was used to confirm the generation
of O, by DMATPE-MN under light irradiation. DHE can react
with O,°” to form 2-hydroxyethidium. The fluorescence intensity
of 2-hydroxyethidium at 580 nm will increase upon insertion of
DNA. It can be seen from Fig. S6 (ESIt) and Fig. 4c that after light
irradiation, DHE in the presence of DMATPE-MN displayed
obviously enhanced fluorescence, suggesting the generation of
0,°~ by DMATPE-MN under light conditions.
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Fig. 4 (a) The changes in absorbance of ABDA at 380 nm in the presence or absence of DMATPE-MN. (b) The fluorescence changes in APF at 515 nm in
the presence or absence of DMATPE-MN. (c) The fluorescence changes in DHE at 580 nm in the presence or absence of DMATPE-MN (white light

irradiation: 25 mW cm™2).
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Fig. 6 (a) The NO release profiles of WP5-NTA/MN aqueous solution
(200 pg mL™Y). (b) The fluorescence changes in DHE at 580 nm in the
presence or absence of WP5-NTA/MN aqueous solution (200 ug mL™Y).
(c) The absorbance changes in LAP at 465 nm in the presence or absence
of WP5-NTA/MN aqueous solution (200 ug mL™).

(a) WP5-NTA/MN + light

View Article Online

Journal of Materials Chemistry B

Encouraged by their outstanding photoactivities, we then
successfully integrated NTA-CN and DMATPE-MN to build a
synergistic therapeutic nanoplatform. The formed nanodrug
WP5-NTA/MN showed uniform spherical morphology with an
average diameter of about 127.4 nm (Fig. 5). Moreover, over a
period of time, the sizes of WP5-NTA/MN show no obvious
changes, suggesting the good stability of WP5-NTA/MN (Fig. S7,
ESIT). The two-dimensional elemental mappings of F and S
confirmed the successful loading of NTA-CN and DMATPE-MN
into the nanodrugs (Fig. S8, ESIt).

The NO and O,*" generation abilities of WP5-NTA/MN were
confirmed by the same methods (Fig. 6a and b). Next, a specific
probe, LAP, was used to detect the generation of ONOO™ by
WP5-NTA/MN under light irradiation (Fig. S9a, ESIt). After
reacting with ONOO™, the absorbance of LAP will increase at
465 nm and the absorbance of LAP will decrease at 590 nm.
As shown in Fig. 6¢ and Fig. S9 (ESIt), compared with the
blank group, LAP in the presence of WP5-NTA/MN showed
more obviously elevated absorbance at 465 nm and reduced
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(a) The detection of NO, O,*~ and ONOO™ in Hela cells after receiving different treatments using DAF-FM DA, DHE and LAP as fluorescence

probes. (b) Viability data for HL-7702 cells incubated with WP5-NTA/MN of different concentrations in the dark or under light conditions, respectively.
(c) Viability data for HeLa cells incubated with WP5-NTA/MN of different concentrations in the absence or the presence of light. (d) Viability data for HelLa
cells incubated with WP5-NTA/MN of different concentrations under normoxic or hypoxic conditions. Data are presented as mean =+ s.d. (n = 6). For all

tests, significance is defined as ***p < 0.001, **p < 0.01.
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absorbance at 590 nm, indicating the generation of ONOO™ by
WP5-NTA/MN under light conditions (25 mW cm™?).

The detection of NO, O,*~ and ONOO™ generated by irradiated
WP5-NTA/MN in HeLa cells was then carried out. First, DAF-FM
DA was used as a specific probe for the detection of intracellular
NO. DAF-FM DA can be hydrolyzed by intracellular esterase to
form DAF-FM with only weak fluorescence. DAF-FM can produce
strong green fluorescence after reacting with NO. Compared with
HelLa cells in control groups, HeLa cells incubated with WP5-NTA/
MN displayed bright green fluorescence after light irradiation
(Fig. 7a), suggesting the generation of NO by the irradiated WP5-
NTA/MN. Similarly, DHE was used as an O,* " indicator to confirm
intracellular O,*~ generation by WP5-NTA/MN under light condi-
tions (Fig. 7a). Finally, LAP was used to detect the generation of
ONOO". After reacting with ONOO™, the fluorescence intensity of
LAP will decrease. Fig. 7a depicts the obviously reduced fluores-
cence intensities of LAP in HeLa cells incubated with WP5-NTA/
MN after light irradiation, revealing that WP5-NTA/MN can still
generate ONOO™ in tumor cells.

Subsequently, the therapeutic performance of WP5-NTA/MN
was investigated. Before evaluating its therapeutic ability, the
biocompatibility of WP5-NTA/MN was first explored. Fig. 7b
depicts the viability data for normal cells (HL-7702 cell) incu-
bated with WP5-NTA/MN under different conditions. It can be
concluded that WP5-NTA/MN shows no toxicity towards HL-
7702 cells with or without light. Hemolysis tests were also
conducted. As shown in Fig. S10 (ESIt), both low and high
concentrations of the nanodrugs showed low hemolysis values.
These results fully demonstrate that WP5-NTA/MN has excel-
lent biocompatibility in completing tumor treatment.

Then the lethality values of WP5-NTA/MN towards HeLa cells
were obtained using MTT assay. In the dark, WP5-NTA/MN
cannot kill tumor cells, suggesting the negligible dark toxicity of
WP5-NTA/MN (Fig. 7c). However, after exposure to white light
(25 mW cm™?), the lowest cell viability was about 20% (Fig. 7c).
The therapeutic ability of WP5-NTA/MN was also confirmed by
Calcein-AM/PI staining imaging of HeLa cells (Fig. S11, ESIT).
In order to prove that the therapeutic ability of WP5-NTA/MN can
be attributed to the combination of NO therapy and photo-
dynamic therapy, the lethality values of NO therapy alone and
PDT alone were obtained. These control experiments were carried
out by incubating NO and ROS scavengers with cells (Figs. S12a
and b, ESIt). As shown in Fig. S12¢ (ESIT), no treatment method
alone can completely kill cancer cells, and the viability data of
cells receiving one treatment mode alone are all above a half.
WP5-NTA/MN can undergo O,-insensitive type I PDT and NO
therapy, therefore, it is expected that WP5-NTA/MN will also
perform well in hypoxic cells. The viability values and the staining
imaging of HeLa cells after receiving WP5-NTA/MN plus irradia-
tion fully confirmed this hypothesis (Fig. 7d and Fig. S11, ESI¥).

Inspired by its excellent performance in vitro, we immedi-
ately evaluated the therapeutic efficacy of WP5-NTA/MN in vivo.
Fig. 8a depicts the experimental process in vivo. After the tumor
grew to about 80 mm?®, the mice were randomly divided into
four groups with three mice in each group. Two groups of mice
were intravenously injected with PBS, and the other two groups

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Illustration of the experimental process in vivo. (b) Tumor
volumes from mice after receiving different treatments. (c) The average
weights of tumors from mice receiving different treatments (inserted
graph: tumors collected from the mice of different groups). **p < 0.01.
(d) H&E staining images of tumor slices from mice after receiving different
treatments (scale bar: 20 pm). (e) The recorded body weight of mice in
each group during treatments.

of mice were intravenously injected with WP5-NTA/MN. After
24 h, the two groups injected with PBS and WP5-NTA/MN were
exposed to white light.

After 14 days of treatment, the tumor volume and weight of the
mice in the different groups were recorded. As shown in Fig. 8b
and c, the tumor sizes of mice receiving normal treatments were
obviously smaller than those of mice in the control groups, which
demonstrated that WP5-NTA/MN displayed excellent ability to
inhibit tumor growth. Graphs of dissected tumors from mice
after receiving different treatments also proved the good anti-
tumor effects of the irradiated WP5-NTA/MN. During the treat-
ments, the weights of the mice were monitored (Fig. 8e). All the
mice retained similar body weights during the entire treatments,
suggesting the good biosafety of WP5-NTA/MN to complete tumor
therapy. Furthermore, based on their H&E staining images
(Fig. S13, ESIt), no obvious damage was found in the main organs
dissected from the mice after receiving the normal treatments,
which also provided solid evidence for the excellent biosafety of
WP5-NTA/MN. The values of parameters, values including WBC,
RBC, HCT, HGB, MCH, MCHC, MCV and PLT, for all the mice
were obtained during routine examination (Fig. S14, ESIt). It can
be seen that none of the parameters of the mice in each group
displayed significant differences, again indicating the absolute
safety of WP5-NTA/MN.

Conclusions

In brief, through the integration of a subtly designed NO donor,
NTA-CN, and type I photosensitizer, DMATPE-MN, an NO and
type I PDT synergistic therapeutic system was constructed.
Under single white light irradiation, NTA-CN can generate NO
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radicals and DMATPE-MN exhibited excellent ability to gener-
ate O,*". Then, an amphiphilic pillararene, WP5-PEG-OH, was
used to provide a powerful tool to integrate them via different
noncovalent interactions. As expected, under white light irra-
diation, the formed nanodrug WP5-NTA/MN can generate
ONOO™ to achieve synergistic therapy. As a result, WP5-NTA/
MN showed excellent therapeutic effects on HeLa cells in both
normoxic and hypoxic microenvironments, while it showed no
lethality against normal cells, suggesting its good biocompat-
ibility. The experimental results in vivo proved again the super-
ior antitumor effects and biosafety of WP5-NTA/MN. Therefore,
this work provides a valuable multimodal synergistic therapy
nanoplatform to achieve highly efficient tumor therapy,
displaying great potential for practical clinical application.
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