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After numerous efforts to elucidate the biological role of nitric oxide (NO), NO treatments have become
a hotspot at the forefront of medicine. NO-releasing substances are constantly needed, while the direct
use of NO gas is unattainable in bio-systems. An ideal NO donor should possess controllable and visible
NO-release capability. The reported NO donating nanoparticles, prepared via encapsulating
a hydrophobic NO-releasing compound into DSPE-PEG;000, meet the criteria mentioned previously. The
localization and flux of NO released from these nanoparticles could be manipulated by UV or blue light.
Meanwhile, NOD-NPs emit a dose-dependent fluorescence intensity to calibrate the generation of NO.
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Accepted 11th November 2022 While the good biocompatibility of NOD-NPs has been validated, the NO from our nanoparticles
demonstrates efficient anti-bacterial and anti-biofilm effects toward Escherichia coli (E. coli) and

DOI-10.1039/d2ra053529 Staphylococcus aureus (S. aureus). Therefore, the NOD-NPs developed in this work have potential
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Introduction

It is acknowledged that nitric oxide (NO) donors have been used
for disease treatments for a long time."” In the nineteenth
century, glyceryl trinitrate (GTN) was adopted to relieve
cardiovascular diseases, such as angina pectoris. But no one
realized that the efficacy was due to NO released from GTN until
the 1980s.>°® Since then, extensive studies have demonstrated
that NO plays a crucial role in various physiological and path-
ological processes, including vasodilation, cellular prolifera-
tion, neurotransmission, inflammation, and infection.”™
Recently, Boon et al. reported that the formation of bacterial
biofilms is also regulated by NO." The reports concluded that
a low concentration of NO would trigger biofilm dispersal, and
NO at a high concentration would directly kill the bacteria.
While the concentration of NO is a pivotal factor in the thera-
peutic effect, precise control and calibration of NO-release by
NO donors are urgently needed. Nevertheless, the gold standard
NO donors, such as sodium nitroprusside, organic nitrates, and
NONOates, spontaneously release NO."*** And their kinetics,
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application in evaluating the regulation of microbes by NO.

localization, and dose of NO released are heavily manipulated
by the biological environment, for example, enzymes, thiols,
and pH." Without additional NO analysis methods, essential
information on NO-release is absent. Some analytical
approaches for NO would damage bio-samples, hence the
analysis results lack timeliness.'®'” Fluorescent probes could
monitor NO in real-time and are friendly to the samples, but
they are not appropriate for measuring NO from donors,
because detection is achieved by exhausting NO and invalid-
ating the biological outcomes of the NO donor.**>* Based on the
above, a photo-triggered NO donor would be a solution for
dynamic and localized NO-release, while a photo-calibrated
donor enables real-time quantification of the dose of NO.

To date, numerous achievements in developing functional
NO donors have been made.””* Among these advances, N-
nitrosated push-pull dyes, which are further designed to be
photo-controllable and photo-measurable, are probably ideal
NO donors.*** The N-nitrosamine dye would be photo-
decomposed into NO and the corresponding fluorescent dye.
First, light could spatiotemporally control the flux of NO-release
by amplifying or attenuating the photo intensity. Second, the
NO release could be monitored in real-time and calibrated
using the fluorescence emitted by the dye.

The co-polymer DSPE-PEG,g0 (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-{methoxy-(polyethylene glycol)-2000])
and its derivative, which mostly facilitates the solubility of
hydrophobic substances, improves the bioavailability of drugs,
reduces biotoxicity, and acts as a targeting carrier, have been
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widely employed in the preparation of advanced
nanoparticles.**’

Herein, an N-nitrosated naphthalimide (NOD-C18) tethered
to a long alkyl chain was acquired, and the NOD-C18 would be
triggered by UV light to generate NO and the fluorescent dye
Nap-C18 (Fig. 1a). The NOD-C18 was efficiently encapsulated
into hydrophilic nanoparticles (NOD-NPs) with DSPE-PEG,o-
When exposed to 365 nm or 450 nm light, the NOD-NPs
contributed to the highly spatiotemporal release of NO in
solution or RAW264.7 cells (Fig. 1b). An excellent linear rela-
tionship between NOD-NPs’ fluorescence intensity and the dose
of NO was established, called photo-calibration. The nano-
particles exhibit good biocompatibility and low cytotoxicity.
When the NOD-NPs were applied to deal with E. coli and S.
aureus, the apparent antibacterial effect was due to the imme-
diate release of NO. The regulation of bacterial biofilms was also
demonstrated (Fig. 1c).

Results and discussion

We have synthesized NOD-C18 via a four-step reaction, and the
relevant details are shown in Fig. S1.f The structural charac-
terization, such as "H-NMR, **C-NMR, and MS data, is provided
in the ESI (Fig. $10-S157). With the molecule in hand, we tried
to test its fluorescent properties under UV irradiation in tetra-
hydrofuran (THF). The NOD-C18 exhibited non-fluorescence in
the polar solvent. Dramatically enhanced fluorescence emerged
at 510 nm, which indicated that Nap-C18 was generated
(Fig. S27). In previous reports, fluorophore-based nitrosamine
compounds were utilized for real-time monitoring and cali-
bration of the NO-release in an aqueous or bio-system.***
Therefore, we believe that NO was released spontaneously when
the NOD-C18 transformed into Nap-C18. Then, the fluorescent
properties of Nap-C18 were studied in different water fractions
(Fig. S21). The fluorescence intensity of Nap-C18 gradually
decreased to non-fluorescence when the water fraction was
increased from 0% to 100%. These results are due to the long
aliphatic chain attached to the naphthalimide, which induced
the aggregation-caused quenching (ACQ) effect in high polarity
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Fig.1 (a) The mechanism of NOD-C18 degradation upon exposure to
irradiation. (b) Illustration of an NOD-NP triggered by light to release
NO. (c) Schematic illustration of the anti-bacterial and anti-biofilm
activity of NO released from NOD-NPs.
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solvent. However, the long lipophilic alkyl chain was purpose-
fully designed to maintain the free intramolecular motion of
NOD-C18 inside some amphiphilic polymers. Accordingly, the
fluorogenic product of NOD-C18 would show a quantitative
relationship between fluorescence intensity and concentration
for further application.

To improve biocompatibility and ensure good water dis-
persibility, NO donor nanoparticles (NOD-NPs) were prepared
by directly encapsulating NOD-C18 into the amphiphilic
copolymer DSPE-PEG,, (Fig. 2a). The DSPE-PEG would form
a rounded surface layer, and the hydrophobic NOD-C18 would
be retained in the core of the spherical nanoparticle. The
rational ratio between NOD-C18 and DSPE-PEG was confirmed
by fluorescence spectroscopy of Nap-C18 encapsulated by DSPE-
PEG (Fig. S37). 0.5-25 pg mL ™~ Nap-C18 was encapsulated into
nanoparticles with 0.2 mg mL~" DSPE-PEG, and the fluores-
cence intensity was further recorded. As shown by the data,
fluorescence intensity linearly increases from 4 to 10 pg mL ™"
Nap-C18. Next, we utilized 10 pg mL~" Nap-C18 to afford NPs
with different concentrations of DSPE-PEG (0.02-0.2 mg mL ).
As shown in Fig. S3d,f the fluorescence intensity of NPs was
gradually enhanced to a plateau at 0.08 mg mL™~ ' DSPE-PEG.
Thus, the final conditions for NOD-NP construction were
1 mg NOD-C18 in 1 mL THF encapsulated by 8 mg DSPE-PEG in
9 mL water. After sonication and removing the THF by violent
stirring, different concentrations of NOD-NP solution were ob-
tained by dilution or condensation. We calculated the average
encapsulation efficiency of the optimized product as 81.36 £+
1.7% according to the absorption at 350 nm of each batch of
NOD-C18 supernatant (Fig. S41). We anticipated that the NOD-
NPs afforded with this particular ratio would enable fluores-
cence self-calibration.

Dynamic light scattering (DLS) measurement was utilized to
characterize the NOD-NPs. The obtained nanoparticles possess
an average hydrodynamic diameter of around 190 nm and
a Zeta potential of —22.2 mV. And the transmission electron
microscopy (TEM) observation shows that NOD-NPs form
a uniform spherical morphology and the micelles have an
average size of around 166.5 nm in diameter (Fig. 2b). Next, we
kept the NOD-NPs in aqueous solution for 72 hours and the
stability of the nanoparticles was also confirmed by TEM and
DLS (Fig. S6t). After preparation for 24, 36, and 72 hours, the
TEM images indicated that the diameters of NOD-NPs were still
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Fig. 2 (a) lllustration of NOD-NP formation by nanoprecipitation; (b)
the DLS, Zeta potential and TEM results of NOD-NPs. Scale bar:
500 nm.
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around 160 nm (Fig. S6At). And the DLS measurements showed
that the average diameter was in the range of 160-180 nm
(Fig. S6BT). We could affirm that the shape and size of the
nanoparticles changed inappreciably during this period of time.
The corresponding Zeta potential was still maintained at
around —22 mV (Fig. S6Ct). All the results showed that NOD-
NPs are rather stable in aqueous solution.

Subsequently, we evaluated the photophysical properties of
NOD-NPs. Under irradiation with 365 nm UV light (40 mW
cm %), the UV-vis absorption and fluorescence emission spectra
of NOD-NPs (0.08 mg mL™") in 40 mM PBS solution changed
rapidly (Fig. 3a). The maximum absorption peak of NOD-NPs at
355 nm gradually decreased, and a new absorption peak at
450 nm increased concurrently. Meanwhile remarkable
enhancement of the green fluorescence signal (Aex = 450 nm) at
545 nm occurred.

After comparing UV-vis spectra of NOD-C18 and NOD-NPs,
we found that NOD-NPs presented a broader absorption peak
than NOD-C18 did (Fig. S71). Hence, we supposed that NOD-
NPs could be activated by blue light. To confirm our assump-
tion, a NOD-NP buffer solution was directly exposed to blue
light (40 mW cm ™2 at 450 nm), which led to similar spectral
changes to UV irradiation (Fig. 3b). Under the same intensity of
irradiation light, UV light led to a thorough decomposition of
NOD-NPs in about 120 seconds. Meanwhile the same decom-
position triggered by blue light was completed in 1500 seconds
(Fig. 3c). These phenomena were consistent with the UV-vis
experiment in which NOD-NPs presented weaker absorption
at 450 nm than at 365 nm. In bio-systems, visible light is much
more biocompatible than UV light. Moreover, irradiation with
different wavelengths could be a convenient approach to
manipulating the dynamics of NO release. We used the refer-
ence dye rhodamine 6G (®; = 0.95 in ethanol) to determine the
fluorescence quantum yield of the photolysis product (®; =
0.27).

Spatially-controlled and dose-controlled NO release has
a critical influence on the therapeutic effects of NO. In our

o 0
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Fig. 3 (a) The time-dependent UV-vis absorption and fluorescence
(ex = 450 nm) spectra of NOD-NPs (0.08 mg mL™) irradiated with
365 nm light; (b) the time-dependent UV-vis absorption and fluores-
cence (Aex = 450 nm) spectra of NOD-NPs irradiated with 450 nm
light; (c) fluorescence dynamics of NOD-NPs irradiated with 365 nm
and 450 nm light; (d) the dynamics of NO release measured using
DAN.
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design, light switches on NO-release, and a turn-on fluorescent
signal is accompanied by NO generation. Therefore, we
attempted to localize and quantitate the NO release by a fluori-
metric method. Firstly, we verified the generation of NO using
the commercial fluorescent probe 2,3-diaminonaphthalene
(DAN).* As shown in Fig. 3d, UV and blue light irradiation both
caused the donor to release NO to a final dose. And the
dynamics of NO release exhibit a similar trend to the fluores-
cence kinetics of NOD-NPs. These results indicated that the
accompanying fluorescence of NOD-NPs could be used for
monitoring NO release. Moreover, rate-control of our NO donor
is achieved using different wavelengths of light. Hence, our
nanoparticles provide a convenient approach to releasing and
localizing NO. Secondly, the Griess assay was also employed to
quantify the NO-release of NOD-NPs (0.01-0.1 mg mL~").* After
exposure to blue light for 60 min, the total amount of NO
released by NOD-NPs was measured by Griess assay. Then, we
established an excellent linear curve (R> = 0.9997) between the
concentration of NOD-NPs and the dose of NO (Fig. S8af). We
also recorded the fluorescence intensity of different concen-
trations of NOD-NPs, and plotted a perfectly linear curve (Fig.-
S8bt). Based on these curves, we can harness the fluorescence
intensity of NOD-NPs to calibrate the NO-release, since the
intensity is proportional to the concentration (Fig. S8ct).
According to previous reports, some NO-releasing nanoparticles
were endowed with photo-monitoring functions, but few
possessed the ability of photo-calibrated NO release.***
Importantly, utilizing the obtained nanoparticles, the NO
release could be followed over time.

The controllable NO-release was further investigated in
a macrophage cell line. The NOD-NPs and dihydrochloride
(DAPI) were co-incubated with RAW 264.7 cells for 30 min. After
being washed three times, the treated cells were imaged using
a confocal laser microscope. Only blue fluorescence emitted by
DAPI was detected in the dark, implying that NOD-NPs were not
activated to release NO. Then, the appearance of significant
green fluorescence followed one-second of irradiation with
365 nm UV light. However, for an irradiation time of 10 s, the
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Fig. 4 The fluorescence images of RAW 264.7 cells captured using
a confocal laser scanning microscope. (a) The cells were treated with
DAPI (10 uM) and NOD-NPs (0.08 mg mL™) for 30 min successively,
then irradiated with 365 nm light for 1 to 10 seconds. (b) The cells were
incubated with DAPI and NOD-NPs as in the previous method, then
exposed to 450 nm blue light for 30 to 60 seconds. Scale bar: 25 um.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intracellular green fluorescence intensity was not further
enhanced (Fig. 4A). Under this intensity of UV light, NO release
is difficult to carry out in cells. The instantaneous reaction may
be induced by the efficient absorption of UV light and the
pervasive reducing substances in bio-systems.**** Considering
the unavoidable reducing agents in cells, choosing an appro-
priate wavelength for the excitation light is a possible solution.
RAW 264.7 cells were treated with DAPI and NOD-NPs, then
exposed to 450 nm blue light for 30 s. Fluorescence signals
emerged around the cell nuclei. Upon irradiation of the cells for
another 30 s, a great improvement in the green fluorescence was
observed (Fig. 4B). Given the photo-toxicity induced by UV light,
blue light would be more suitable for releasing NO in cells.
Therefore, 450 nm light was engaged in activating the nano-
particles to release NO in the next biological experiments. The
complete isolation of the blue and green fluorescence proved
that NOD-NPs are non-invasive towards the nucleus.

To explore the improvement in biocompatibility upon
forming the co-polymer NO donor, we used the CCK8 assay to
compare the cytotoxicity of the NOD-NPs and NOD-C18. The
cells were incubated with the NOD-NPs and monomer NOD-C18
for 48 h. As shown in Fig. 5, the viability of cells treated with
NOD-NPs (0.08-0.64 mg mL ") decreased from 90% to 49%.
And the ICs, value of NOD-NPs is calculated as 0.63 mg mL~". In
sharp contrast, the corresponding content of NOD-C18 led to
obvious cell death and the IC5, value of NOD-C18 is 1.48 g
mL . Using the single molecular NO donor NOD-C18 would
greatly inhibit the cell viability. The FDA approved lipidosome
DSPE-PEG is widely applied to reduce biotoxicity in drug
delivery. Reasonably, the results of cell viability certify that the
formation of nanoparticles would significantly reduce the
cytotoxicity, especially at a high concentration.

To further validate the biological safety of NOD-NPs,
a hemolysis test with rat erythrocytes was performed. All
animals received care according to the guidelines of the Care
and Use of Laboratory Animals. The procedures were approved
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Fig. 5 The cell viabilities of NOD-NPs and NOD-C18 at various
concentrations. 13 pg mL™* NOD-C18 is encapsulated with 0.1 mg
mL~* NOD-NPs, and the other data are set similarly.
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by the Guangxi University of Chinese Medicine Institutional
Animal Welfare and Ethical Committee (DW20220617-226). The
rat erythrocytes (2%) were treated with PBS and Triton X-100,
and different concentrations of NOD-NPs. As a negative
control, PBS did not affect hemolysis. Meanwhile the hemolysis
rate with the positive control Triton X-100 was approximately
92%. With or without blue light irradiation, the NOD-NPs
(0.013-0.1 mg mL™") generated a negligible increase in the
hemolysis rate (Fig. S9t). The cell viability and hemolysis
experiments clearly proved the good biocompatibility of our
NO-releasing nanoparticles. Encouraged by the good intracel-
lular applicability of NOD-NPs, we further evaluated their anti-
bacterial effects on E. coli and S. aureus. The NOD-NPs
(0.08 mg mL™') were loaded into the bacteria by co-
incubation for 2 h. Then the residue was washed off, and the
observation of NO release in bacteria was carried out using
a confocal microscope. As shown in Fig. 6, no fluorescence was
observed before exposure to light. Next, the bacteria were irra-
diated using 450 nm blue light (40 mW cm ™) for 10 s to 30 s. A
gradual enhancement of fluorescence emerged in E. coli, and
the same phenomenon was noticed in S. aureus, which means
controlled release of NO from NOD-NPs. Although NO is
a potent anti-bacterial compound, all the bacteria exposed to
this low concentration of NO remained in a regular
morphology. We estimated that the NO released by our nano-
particles was ineffective at this concentration, since the dose is
the crucial factor in anti-bacterial capacity.*

As a consequence, we raised the concentration of NOD-NPs
(0.2, 0.4, and 0.8 mg mL™ ") to evaluate the antibacterial effect
by a colony count test. First, we treated E. coli with PBS, Nap-
C18, kanamycin, and NOD-NPs. Without light exposure, the
antibiotic drug kanamycin killed all the bacteria, while the
other treatments showed a negligible effect in suppressing the
multiplication of E. coli. With 450 nm light irradiation, NOD-
NPs showed dose-dependent anti-bacterial properties upon
counting the total number of colonies on the culture plates. And
the bacterial viability decreased from 63% to 6% (Fig. 7a). Since
the nanoparticles and their decomposition product were inef-
fective against bacteria, we attributed the inhibition of E. coli to
NO released by NOD-NPs. A parallel experiment was performed

+hv 10s +hv 30s

Bright Field

E. coli

S. aureus

Fig. 6 The fluorescence images of E. coli and S. aureus bacteria
imaged using a confocal laser scanning microscope. The bacteria were
treated with NOD-NPs (0.08 mg mL™?) for 2 h and then irradiated with
450 nm blue light for various times. Scale bar: 25 pm.
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Fig. 7 The colony count test for (a) E. coli and (b) S. aureus. After treatment with different methods, the culture media of the bacteria were

smeared on the plates and cultured for 24 h. KANA = kanamycin.

with S. aureus. As shown in Fig. 7b, a very similar outcome was
observed for the two kinds of bacteria. The viability of S. aureus
decreased to 3% after treatment with NO released by NOD-NPs.
It was calculated that the minimum inhibitory concentration

B £ Coli
i S.aureus

Biofilm Biomass(OD;,,)
- N
= =

e
Q

PBS 0.1 0.4 0.8 PBS 0.1 0.4 0.8

Concentration of NOD-NP(mg mL ™)

Fig. 8 Biofilm elimination experiments on E. coli and S. aureus. The
biofilms were treated with different concentrations of NOD-NPs, and
irradiated with 450 nm light (10 min at 10 mW cm™2). Then the biofilm
biomass was calculated using a crystal violet staining assay.
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(MIC) against E. coli is 0.877 mg mL~", meanwhile the MIC
value for S. aureus is 0.774 mg mL . According to these results,
we could determine that NOD-NPs are able to inhibit the
proliferation of both E. coli and S. aureus by releasing NO.

It is widely accepted that NO is a robust antibiofilm agent,
which exhibits a synergistic anti-bacterial effect with antibi-
otics.***” The anti-biofilm capacity of NOD-NPs was investigated
via a crystal violet staining assay. The biofilms were treated with
PBS or various doses of NOD-NPs, and then exposed to blue
light (40 mW cm™?) for 30 min. As depicted in Fig. 8, 0.1-0.8 mg
mL~" NOD-NPs reduced the biofilm biomass of E. coli by 17.7 to
71.1%. And the nanoparticles inhibited S. aureus' biofilm
formation by 34.4 to 66.5%. The results suggested that NOD-
NPs are effective in inhibiting biofilm formation. However,
the biofilm inhibitory effect is not so evident. We speculated
that the effect of separate use of NO to inhibit biofilms is
limited, and the anti-biofilm capability of NO is mainly
demonstrated via the synergistic effect with antibiotics.**~*°

Conclusions

Herein, nanoparticles with excellent biocompatibility, NOD-
NPs, were developed, and their photo-physical properties were
evaluated in aqueous solution and cells. The NOD-NPs could
release NO upon light irradiation, and spontaneously generate
a green fluorescence signal. Moreover, the fluorescence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intensity was used to calibrate the flux of NO-release, without
utilizing an additional analysis approach. The NO-release
dynamics of NOD-NPs could be controlled not only by 365 nm
UV light but also by 450 nm visible light. And the cell viability
and hemolysis experiments proved that nanoparticle formation
reduced the cytotoxicity. Since 450 nm light could control NO-
release and was compatible with bio-systems, the antibacterial
effect of NOD-NPs reached 94% in E. coli and 96% in S. aureus.
And the biofilm dispersal caused by NOD-NPs was a decent
result. Altogether, the NO-releasing nanoparticles are a conve-
nient and safe tool for NO delivery in bio-systems, and an ideal
candidate for evaluating the anti-bacterial effect of NO.
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