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Introduction
Nitric oxide (NO),

muscle relaxation,

the primary precursor of all
intracellular reactive nitrogen species (RNS),! is involved in
many biological processes such as signal transduction, smooth
peristalsis,
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Gold nanoparticle-based two-photon fluorescent nanoprobe for
monitoring intracellular nitric oxide levels

Carla Arnau del Valle,? Paul Thomas,? Francisco Galindo, Maria Paz Mufioz®¢ and Maria J. Marin*2

Nitric oxide (NO) plays an important role in the regulation of the immune, cardiovascular and nervous systems.
Consequently, being able to monitor and quantify intracellular NO levels would provide a greater understanding of the
implications of this molecule in the different biological processes, including, for example, in cancer. Here, we report a broadly
applicable two-photon excitable fluorescent nanoprobe able to detect and potentially quantify NO levels in an extensive
range of cellular environments. The nanoprobe consists of a thiolated photoinduced electron transfer-based two photon
fluorescent probe attached onto the surface of 2.4 £ 0.7 nm gold nanoparticles (DANPY-NO@AuUNPs). The nanoprobe, which
can be synthesised in a reproducible manner and exhibits great stability when stored at room temperature, is able to
selectively detect NO in solution, with a dynamic range up to 150 uM, and at pH values of biological relevance. DANPY-
NO@AUuNPs were able to selectively detect endogenous NO in RAW264.7y NO- macrophages, THP-1 human leukemic cells;
and endogenous and exogenous NO in endothelial cells. The nanoprobe accumulated in the acidic organelles of the tested
cell lines showing negligible toxicity. Importantly, DANPY-NO@AuUNPs showed potential to quantify intracellular NO
concentrations in MDA-MB-231 breast cancer cells. The biological evaluation of the nanoprobe was undertaken using
confocal laser scanning (images and intracellular emission spectra) and multiphoton microscopies, and flow cytometry.
Based on their excellent sensitivity and stability, and outstanding versatility, DANPY-NO@AuNPs can be applied for the
spatiotemporal monitoring of in vitro and in vivo NO levels.

and high reactivity with several reactive oxygen species (ROS).10
The ideal detection system should exhibit high selectivity and
sensitivity towards NO with a low limit of detection (LOD), high
stability and insensitivity to pH changes, high biocompatibility,
high membrane permeability and photostability, and capacity
to monitor a wide range of NO concentrations and in a variety

the

immune system control,

neurotransmission, blood pressure modulation, learning and
memory.?2 NO is also involved in the oxidation of DNA, lipids,
proteins and carbohydrates; and, as a consequence, contributes
to the development of pathological events such as Alzheimer's,
Huntington’s and Parkinson’s disease, amyotrophic lateral
sclerosis, cerebral ischemia, stroke, and cancer.3”7

Efforts have been made to develop new strategies for the
detection and monitoring of intracellular NO to understand its
complex metabolism. Approaches used to detect NO include
fluorescence-based bioimaging, spectroscopic analysis,
electrochemistry, electron spin resonance spectroscopy,
chemiluminescence and colorimetry.® ° Despite the advances
reported to date, the direct and real-time detection of NO has
proven challenging due to its low concentration, short lifetime
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of cellular systems.1%. 12

Fluorescent probes present advantages for intracellular
applications including direct bioimaging detection and great
spatio-temporal resolution when combined with fluorescence
microscopy techniques, and can be designed to exhibit
excellent sensitivities, large dynamic ranges, and high
specificity.2 Considerable endeavours have been centred on the
design of intracellular fluorescent NO molecular probes.1t 13-21
Amongst these, (o-diamino)-
fluorophore derivatives have attracted special attention and
plenty of examples can be found in the literature.?23° Some of
these o-diamino-derivative probes are commercially available
and broadly used for the detection of NO in biological samples.
For example, 4,5-diaminofluorescein (DAF-2, LOD: 5 nM) was
reported by Nagano and co-workers in 199822 23 and its
membrane permeable version, DAF-2 diacetate, is currently
commercially available as a fluorescent dye for NO detection. A
more photostable and sensitive (LOD: ca. 3 nM) probe, 4-
amino-5-methylamino-2',7'-difluorofluorescein (DAF-FM)
diacetate was developed by the same authors,?* which is also
commercially available and can be used to detect NO using
different instrumental techniques. However, the poor

aromatic  ortho-diamino
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photostability and requirement of UV-Vis excitation
wavelengths are some of the limitations of most of the reported
examples, difficulting their application for in vivo detection of
NO.

Current research efforts are focussing on the development
of systems that can be excitable with near-infrared (NIR) light,
which allows for deeper tissue penetration and minimal
photodamage, and leads to negligible autofluorescence.3! For
these examples, multiphoton microscopy, which uses two NIR
photons for excitation,3? can be employed to monitor the
sensing capability of the systems. In the past decade, several
examples of two-photon excitable NO probes have been
described in the literature, showing an improvement of the
detection of NO.3341 Amongst them, we recently reported a
highly photostable and versatile two-photon fluorescent probe,
DANPY-NO, for the detection of a wide range of intracellular NO
concentrations in macrophages and endothelial cells using
confocal laser scanning microscopy (CLSM), multiphoton
microscopy, and flow cytometry.*?

Further developments in intracellular sensing and imaging
have been achieved with the use of nanoparticles (NPs), which
present advantages over molecular-based systems, including
improved signal-to-noise ratios due to the high loading of
sensing units on the large surface of the NP.*3 Furthermore, NPs
permit the loading of multiple components on a single platform,
which provides an extensive range of engineering possibilities:
i.e. incorporation of targeting agents, ligands that render water
solubility and biocompatibility, other fluorescent ligands to
achieve ratiometric drugs for theranostic
applications.

Several examples of fluorescent-based nanoprobes for the
detection of NO have been recently reported using organic and
inorganic NPs. For example, polymeric NPs have been used for
the encapsulation of fluorescent molecular NO probes.**47 Jin
et al. encapsulated DAF-FM in poly-(lactic-co-glycolic acid) NPs
and used the nanoprobe for the detection of both NO released
from chondrocytes, and from the joint of osteoarthritis rats.**
Contrary to what was observed with the encapsulated probe,
the free DAF-FM was not visualised after injection in vivo
because it was rapidly diluted and distributed through the
whole body. Latha et al. reported polyvinyl alcohol-based NPs
covalently functionalised with Rhodamine B for the successful
detection of exogenous and endogenous NO in rabbit
fibroblast-like synoviocytes.*” Intrinsically fluorescent NPs have
also been used for the development of NO nanoprobes.
Bhattacharya et al. synthesised NO-sensitive carbon dots (CDs)
that detected endogenous NO in stimulated RAW264.7
macrophages.*® The CDs-based nanoprobe had a LOD of 80 nM
and exhibited good selectivity towards NO; but showed
sensitivity to pH in a broad range of pH values (2 — 8), which
could lead to non-selective detection of NO intracellularly.*® NO
has been reported to be able to react with quantum dots (QDs)
by coordination with Cd forming a NO-Cd complex which leads
to a reduction of the fluorescence emission. Following this, Tan
et al. developed biocompatible CdSe QDs stabilised with
chitosan that were able to detect exogenous NO when
internalised in porcine iliac artery endothelial cells.*®

sensing, or

2| J. Name., 2012, 00, 1-3

The examples listed above use UV-Vis light to performthe
detection of NO with the consequent liRfitatiolV$9 QAN W HEW
examples can be found in the literature reporting the
development of NIR excitable fluorescent nanoprobes for
optimal bioimaging and diagnosis.®® 5! In particular for NO
nanoprobes, Kim et al. reported single-walled carbon
nanotubes modified with 3,4-diaminophenyl-functionalised
dextran that were used for the detection of endogenous and
exogenous NO in RAW264.7 cells using NIR excitation; and
showed the potential to penetrate mouse tissue and to detect
NO in vivo.>> More recently, other authors have described the
potential of the NIR excitable upconverting NPs for the
quantification of intracellular NO.>3 54

Amongst the different types of NPs, gold nanoparticles
(AuNPs) have shown excellent potential for chemical and
biological sensing applications.>>%* In particular for the
detection of NO, Leggett et al. developed a NO biosensor based
on AuNPs functionalised with fluorescently tagged cytochrome
c that was able to detect, using CLSM, endogenous and
exogenous NO in RAW264.7 cells, and NO produced by the cells
during bacterial phagocytosis.>® However, to the best of our
knowledge, the potential of using two-photon excitable AuNPs-
based systems to detect NO in a broad range of intracellular
environments has not been explored to date. These two-photon
excitable AuNPs-based platforms could contribute to a better
understanding of the intracellular role of NO permitting deeper
tissue penetration. Furthermore, they could be further
functionalised yielding NO ratiometric nanoprobes or
theranostic nanosystems.

Given the excellent performance of the two-photon
excitable NO probe, DANPY-NO, recently reported by our
group,*? and our successful application of AuNPs-based systems
for the detection and quantification of analytes of intracellular
interest,”® 64 6> the work described here reports the first
example of a two-photon nanoprobe based on AuNPs (DANPY-
NO@AuNPs, Figure 1a) for the intracellular detection and
potential quantification of NO that has been proven suitable to
work in a broad range of cellular environments. The DANPY-
NO@AuNPs showed good sensitivity towards NO with a LOD of
1.30 puM and a broad dynamic range of detectable
concentrations from 0 to 150 pM, an advantage over the
molecular probe; good selectivity towards NO over other
potential intracellular interferences, and stability at pHs from
3.5 to 8. Biologically, the DANPY-NO@AuUNPs showed great
biocompatibility and were used to detect and monitor different
NO concentrations in mouse macrophages, human
macrophages, endothelial cells, and breast cancer cells
employing techniques that include CLSM (images and
intracellular fluorescence emission spectra), multiphoton
microscopy and flow cytometry.

Results and discussion

The novel two-photon excitable nanoprobe, DANPY-
NO®@AuNPs (Figure 1a), consists of a thiolated NO-sensitive
ligand (DANPY-NO-ligand) self-assembled onto the surface of
AuNPs. The fluorescent NO-sensitive ligand is a derivative of the

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. a) Schematic representation of DANPY-NO@AuUNPs:
AuNPs functionalised with the NO sensitive ligand DANPY-NO-
ligand; and b) normalised extinction spectrum of DANPY-
NO@AuNPs (DMSO/H,0 (5:2), black) and normalised UV-Vis
absorption spectrum of DANPY-NO-ligand (DMSO, red).

recently published DANPY-NO*? and, as such, presents an o-
phenylenediamine linked to the naphthalimide core, which is
responsible for the fluorescence quenching due to a
photoinduced electron transfer (PET) in the absence of NO.
Upon reaction with NO in the presence of oxygen, and the
consequent formation of the benzotriazole derivative, the PET
is suppressed, the quenching effect is diminished, and the
fluorescence emission of DANPY-NO-ligand is enhanced.

Synthesis and characterisation of the DANPY-NO@AuNPs

DANPY-NO was chosen as the NO-sensitive two-photon
excitable fluorophore due to its high photostability, good
sensitivity and excellent selectivity towards NO, its fluorescence
stability at different biologically relevant pHs, its excellent
biocompatibility and because it is extremely versatile in the
detection of NO in cellular environments.*2 Furthermore, the
piperazine moiety in DANPY-NO the
incorporation of a thiolated chain that can be linked onto the
surface of AuNPs. The synthesis of DANPY-NO-ligand was
accomplished in five steps starting from 4-bromo-1,8-
naphthalic anhydride and 2-nitro-p-phenylenediamine (Scheme
S1) yielding the dimeric form of the thiolated monomer
attached to the AuNPs. DANPY-NO-ligand and the four

versatile allows

This journal is © The Royal Society of Chemistry 20xx
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intermediates were characterised by !H-NMR,,, 23CcNMR,
infrared spectroscopy (FTIR) and High-FeseiaticnBOPhass
spectrometry (HRMS) (see Figures S1-S8 and “Materials and
methods” section in the Supporting Information for detailed
characterisation).

DANPY-NO@AuUNPs were synthesised following a method
previously reported by Marin et al.5* and exhibited an average
size of 2.4 + 0.7 nm, calculated using transmission electron
microscopy (TEM, Figure S9). The DANPY-NO@AuNPs
exhibited an absorption maximum centred at 401 nm (Figure
1b), evidencing the presence of the DANPY-NO-ligand
(absorption maximum at 397 nm in DMSO and molar extinction
coefficient of 5.7x10> M-lcm (Figure S10)), and a broad
background extinction, from 315 to 750 nm, due to the surface
plasmon band of the gold core. The successful synthesis of the
DANPY-NO@AuUNPs was further confirmed by recording the
fluorescence excitation and emission spectra, which showed
similar shapes and maximum wavelengths than those of
DANPY-NO-ligand with small shifts in the maximum
wavelengths that may be due to the differences in the polarity
of the solvents used for the sample preparation (Figure S11).
The fluorescence emission spectrum of DANPY-NO@AuNPs
was also recorded in different biologically relevant media
including bovine serum albumin (BSA, 0.1%), Dulbecco’s
modified eagle’s medium (DMEM) cell culture medium and
Hanks’ balanced salt solution (HBSS) medium (Figure S12)
showing small bathochromic shifts as a consequence of the
presence of proteins, inorganic salts, buffering agents, amino
acids and vitamins. The synthesis of the DANPY-NO@AuNPs
was reproducible (Figure S13) and the NPs exhibited excellent
stability over time (up to a minimum of 4 months) when stored
in agueous media and at room temperature (Figure S14).

The ability of the DANPY-NO@AuUNPs to detect NO in
solution was evaluated by monitoring changes in the
fluorescence emission intensity upon the addition of increasing
concentrations of the NO donor NONOate (Figure S15). The
nanoprobe showed good sensitivity with a LOD of 1.30 uM,
calculated from the linear range in Figure 2a, which confirms
the suitability of the nanoprobe for monitoring intracellular NO
concentrations. Additionally, the nanoprobe was able to detect
concentrations of NO up to 150 uM, which is an excellent
dynamic range for intracellular levels of NO, especially for cases
with elevated concentrations of NO such as bacterial infection.
The response time for a fixed concentration of NO was
evaluated for a period of 24 h, with a plateau reached ca. 10 h
following the addition of NONOate (Figure S16). The DANPY-
NO@AuUNPs were stable at biologically relevant pHs (Figures
S$17) and their fluorescence emission intensity increased slightly
at acidic pHs as expected for PET-based systems (Figure S18).
DANPY-NO@AuUNPs were able to detect NO at pH values of
biological relevance (pH ca. 4.14, 5.63 and 7.3, Figure S19),
demonstrating the potential of the nanoprobe to detect NO in
the different intracellular organelles including in those with low
pH.

The selectivity of DANPY-NO@AuUNPs towards NO was
examined in solution showing a considerable increase in
fluorescence emission intensity in the presence of NO while

J. Name., 2013, 00, 1-3 | 3
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Figure 2. a) NO calibration curve of aqueous DANPY-
NO®@AuUNPs (83 pg/mL, 7% DMSO): fluorescence emission
intensity at 547 nm as a function of NO concentration; (A =
405 nm); and b) normalised fluorescence response at 544 nm of
agueous DANPY-NO@AuUNPs (86 pg/mL, 7% DMSO) in the
presence of NO and various biologically relevant species
(100 uM). Each experiment was repeated in triplicate and the
relative standard error is indicated by the error bars.

negligible or small changes were observed in the presence of
ROS and RNS species (100 uM, H,0,, O, ‘'OH, 10,, NO," and NO3"
) and other possible cellular interferences (100 uM, Na*, K*,
Ca?*, L-arginine (L-Arg), ascorbic acid (AA) and dehydroascorbic
acid (DHA)) (Figure 2b). These results suggest that the
nanoprobe is more selective towards NO. Additionally, the
DANPY-NO@AuUNPs were still able to detect NO in the presence
of the tested interferents (Figure S20).

Intracellular characterisation of DANPY-NO@AuNPs and nitric
oxide detection in RAW264.7Y NO-

The internalisation of DANPY-NO@AuUNPs in live cells was
investigated using RAW264.7Y NO- macrophages. CLSM
fluorescence images of the cells incubated with DANPY-
NO@AuNPs showed a brighter fluorescence emission,
indicating the presence of the nanoprobe in the cells, compared
to those cells that were not incubated with the DANPY-
NO@AuUNPs (Figure 3a). To confirm that the observed
fluorescence was due to the internalised DANPY-NO@AUNPs,
the fluorescence emission spectrum of the cells was recorded
using the CLSM showing an emission band from 430 to 630 nm
with a maximum intensity at ca. 511 nm (red in Figure 3b),
which was comparable to that of DANPY-NO@AuUNPs in DMEM
cell culture medium recorded in the spectrophotometer (black

4| J. Name., 2012, 00, 1-3

in Figure 3b). Both spectra exhibited the shape characteristicof
a naphthalimide-based fluorophore and tRe1 EAR¥ HiFfeiEHEe iR
the maximum emission intensity can be attributed to the
complexity of the cellular environment (differences in polarity,
pH, protein binding, among other factors) compared to the
DMEM cell culture medium. The fluorescence emission
spectrum of control cells without DANPY-NO®@AuUNPs (green in
Figure 3b) showed a much lower intensity, which is due to the
autofluorescence of the imaged cells.

Most of the studies in the literature report the uptake of NPs
by mammalian cells via endocytosis in which the NPs are
captured at the cell surface and enclosed in invaginations of the
cell membrane that ultimately pinch off to form intracellular
vesicles.®® Following endocytosis, the NP-containing vesicles are
normally delivered to the lysosomes and thus accumulate in
phagolysosomes. To study whether the DANPY-NO@AuNPs
accumulated in the lysosomes of the RAW264.7Y NO- cells,
LysoTracker™ Red DND-99 was used as marker of acidic
organelles. Cells incubated with DANPY-NO@AuNPs and
LysoTracker™ Red DND-99 were imaged using the CLSM (Figure
3c) showing a clear overlap between the fluorescence emission
of the green channel, DANPY-NO@AuUNPs, and the emission
from the red channel, LysoTracker™ Red DND-99, as observed
from the yellow spots in the merged image of both channels and
the differential interference contrast (DIC). The Pearson’s
coefficient was calculated to be 0.73 + 0.04 (n = 3 images, ca. 20
cells), further indicating good colocalisation between the
DANPY-NO@AuUNPs and the labelled acidic organelles. The
cytotoxicity of DANPY-NO@AuUNPs in RAW264.7Y NO- cells,
determined using the CellTiter-Blue® cell viability assay, showed
an excellent cell survival rate at concentrations tested up to
4.2 pug/mL, which is the concentration used in the intracellular
experiments (Figure S21).

The DANPY-NO@AuUNPs were used to intracellularly detect
endogenous NO concentrations produced by RAW264.7Y NO-
cells when stimulated with lipopolysaccharide (LPS) and
interferon-gamma (IFN-Y). CLSM images of stimulated cells that
had been incubated with DANPY-NO@AuUNPs exhibited an
intense fluorescence emission intensity compared to
unstimulated cells that had been also incubated with the
nanoprobe (Figure 4a). Stimulated and unstimulated control
cells without DANPY-NO@AuUNPs did not show any evident
fluorescence emission (Figure $S22). The enhancement of the
fluorescence emission intensity upon stimulation confirmed the
successful performance of the DANPY-NO@AuUNPs in the
detection of endogenous intracellular NO. The results obtained
from the CLSM images were further supported by recording the
fluorescence emission spectra of the cells using the CLSM
(Figure 4b). An enhancement of the fluorescence emission
intensity of the cells incubated with DANPY-NO@AuUNPs was
observed upon stimulation to produce NO (from black to green
in Figure 4b). Importantly, the fluorescence emission spectra of
unstimulated and stimulated cells without DANPY-NO@AuNPs

This journal is © The Royal Society of Chemistry 20xx
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(iv — vi); images collected using Aexc = 405 nm and AAe, = 422 — 689 nm. Scale bars = 25 um. b) Normalised fluorescence emission
spectrum of: DANPY-NO@AuUNPs in DMEM cell culture medium recorded in the fluorescence spectrophotometer (black);
RAW264.7Y NO- cells incubated with DANPY-NO®@AuUNPs recorded in the CLSM (red); and control cells without DANPY-
NO®@AuNPs loaded recorded in the CLSM (green); Aexc = 405 nm. c) CLSM images of RAW264.7Y NO- cells incubated with DANPY-
NO@AUuUNPs (4.2 pg/mL) and LysoTracker™ Red DND-99 (5 uM) (i — iv) and scatterplot showing the correlation between the green
and red emission intensities (v). Images collected upon excitation at i) Agyc = 405 Nm, AAe,, = 500 — 580 nm and ii) Agyc = 561 Nm,
ANern = 580 — 625 nm; iii) DIC channel; and iv) composite image of green, red and DIC channels. Pearson’s coefficient of 0.73 + 0.04

(n =3 images, ca. 20 cells). Scale bars = 20 um.

(blue and yellow, respectively) showed a negligible intensity in
comparison to the cells incubated with the nanoprobe.

To study the selective intracellular detection of NO by
DANPY-NO@AuUNPs, RAW264.7Y NO- cells were pre-treated
with (w)-nitro-L-arginine methyl ester (L-NAME), an inhibitor of
nitric oxide synthase (NOS) which blocks the production of NO,
stimulated overnight with LPS and IFN-Y and then incubated
with DANPY-NO@AuUNPs for 3 h before imaging. The
fluorescence emission spectrum of these treated cells showed
an intensity comparable to that of unstimulated cells (Figure 4b,
red) confirming the selectivity of the DANPY-NO@AuNPs
towards NO (corresponding CLSM images are shown in Figure
S23). To further investigate the potential of DANPY-
NO@AUuNPs, their ability to detect NO in a large population of
cells was evaluated using flow cytometry (Figure 5a). The
internalisation of the nanoprobe by the cells was evidenced by
the clear difference between the mean fluorescence intensity
of unstimulated cells incubated with DANPY-NO@AuUNPs(134 +
3 a.u.) and that of unstimulated or stimulated cells without
DANPY-NO@AUNPs (72 + 2 a.u. and 89 * 5 a.u., respectively).

Importantly, a higher mean fluorescence intensity was

This journal is © The Royal Society of Chemistry 20xx

observed for the stimulated cells incubated with the nanoprobe
(181 £ 16 a.u.) when compared to the unstimulated cells.

Given the excellent performance of DANPY-NO@AuUNPs for
the detection of intracellularly produced NO under one-photon
excitation (405 nm), the ability of the nanoprobe to be excited
by two-photon excitation (800 nm), and to be used to monitor
intracellular NO production under these excitation conditions
was investigated in a multiphoton microscope (Figure 5b). Cells
incubated with DANPY-NO@AuUNPs showed a green
fluorescence emission intensity that increased upon
stimulation; while control cells did not show measurable
fluorescence (Figure $S24). These results proved the ability of the
nanoprobe to be NIR excitable via two-photon excitation and its
potential application to monitor intracellular NO levels using a
multiphoton microscope.

Nitric oxide detection in THP-1 human macrophages using DANPY-
NO@AUuUNPs

To further study the application of DANPY-NO@AuUNPs in
cellular environments and its potential to monitor low levels of
NO, THP-1 human macrophages, which are known to produce

J. Name., 2013, 00, 1-3 | 5
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Figure 4. a) CLSM images of unstimulated (i —iii) and stimulated
(iv — vi) RAW264.7Y NO- cells both incubated overnight with
DANPY-NO@AuUNPs. b) Normalised fluorescence emission
spectra of: cells incubated with DANPY-NO@AuUNPs
unstimulated (black), stimulated (green) and pre-incubated
with L-NAME and stimulated (red); and control cells without
DANPY-NO@AuUNPs under the previous conditions, blue,
yellow and magenta, respectively. Incubation with DANPY-
NO@AUuUNPs (4.2 pug/mL) was done for 3 h. Stimulation was
performed overnight using LPS (0.7 pg/mL) and IFN-Y
(17 pg/mL) and the pre-treatment with L-NAME (2 mM) was
done for 30 min. A = 405 nm and AA., = 422 — 689 nm. Scale
bars = 25 um.

nanomolar concentrations of NO, were chosen as the next
biological target. The internalisation of the DANPY-NO@AuUNPs
within THP-1 macrophages was successfully proven using CLSM,
and their colocalisation with LysoTracker™ Red DND-99 was
demonstrated with a Pearson’s coefficient of 0.67 + 0.04 (n = 3
images, ca. 15 cells) (Figure S25). The cell viability results
obtained for the concentrations of DANPY-NO@AuUNPs tested
showed a cell survival above 80% for concentrations up to
4.2 ug/mL (Figure S26), demonstrating the low toxicity of the
nanoprobe in THP-1 cells. The intracellular detection of NO in
THP-1 differentiated macrophages using DANPY-NO@AuUNPs
was investigated by recording CLSM images (Figure S$27) and,
importantly, by recording the fluorescence emission spectra of
the imaged cells (Figure 6). Cells incubated with the nanoprobe
and stimulated to produce NO showed a higher fluorescence
emission intensity (green) than the unstimulated cells

6 | J. Name., 2012, 00, 1-3

incubated with DANPY-NO®@AuUNPs (black), proyving othe
successful detection of NO endogenousNBrod@é8d by aHp:a
macrophages. Fluorescence images and corresponding
emission spectra of control cells without DANPY-NO@AuUNPs,
both stimulated (grey) and unstimulated (cyan), showed a
negligible fluorescence upon excitation at 405 nm.

Furthermore, pre-treatment of the THP-1 cells with L-NAME
and consequent inhibition of the NO production by inducible
NOS (iNOS) confirmed the selectivity of the DANPY-NO@AuUNPs
towards intracellular NO (Figure 6 — red).

Fluorescence
(500 - 550)

(=2
~

Composite

IFN-Y + LPS +
DANPY-NO@AuNPs DANPY-NO@AUNPs

Figure 5. a) Flow cytometry assay for DANPY-NO@AuUNPs in
RAW264.7Y NO- cells. Control cells and cells incubated with
DANPY-NO@AUNPs (4.2 pg/mL, overnight): unstimulated and
stimulated. Stimulation was performed overnight using LPS
(0.7 ug/mL) and IFN-Y (17 pg/mL). Aexe = 405 nm and Al = 500
— 550 nm. Approximately 10,000 cells were analysed for each
sample. Each experiment was repeated in triplicate and the
relative standard error is indicated by the error bars.
*Represents a statistically significant difference of p<0.05
(Student’s t-test) comparing both measurements. b)
Multiphoton microscopy images of unstimulated (i — iii) and
stimulated (iv—vi) RAW264.7Y NO- cells incubated with DANPY-
NO®@AuUNPs (4.2 pg/mL, overnight); Aexe = 800 Nm and AAe, =
500 — 550 nm. Scale bars = 25 um.
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Figure 6. Normalised fluorescence emission spectra of
unstimulated (black), stimulated (green), and pre-treated with
L-NAME and stimulated (red) THP-1 macrophages incubated
overnight with DANPY-NO@AUNPs (4.2 ug/mL). Grey, cyan and
magenta emission spectra correspond to the control cells
without DANPY-NO@AuUNPs under the previous conditions,
respectively. Stimulation was performed overnight with LPS
(5 ug/mL) and treatment with L-NAME (0.1 mM) was done
30 min before stimulation. Aee = 405 nm and AAg, = 422 —
689 nm.

650

Nitric oxide detection in endothelial cells using DANPY-NO@AuUNPs

DANPY-NO@AuUNPs were also internalised by endothelial cells
where they accumulated in the acidic organelles (Figure S28)
showing negligible toxicity (Figure $29). To investigate the
ability of the DANPY-NO@AuUNPs to detect endogenous NO
produced by endothelial cells, a comparative study between the
concentration of NO in basal conditions, upon treatment with
Ca%*ionophore A-23187 to enhance the production of NO (since
endothelial NOS (eNOS) is a Ca?* dependent enzyme), and after
inhibition of the eNOS using L-NAME was performed (Figure 7a
for images and Figure 7b for corresponding spectra). The
corresponding control cells without DANPY-NO@AuUNPs were
also imaged using the CLSM (Figure S30 for images and Figure
7b for corresponding spectra). Cells incubated with DANPY-
NO@AUuNPs and treated with Ca?* ionophore A-23187 showed
a higher fluorescence emission intensity (purple) compared to
those cells incubated only with the nanoprobe (black) indicating
the successful detection of endogenous NO produced by
endothelial cells. Contrarily, when the cells were incubated with
DANPY-NO@AUNPs and L-NAME, a clear reduction of the
emission intensity was observed (red), which was slightly lower
than that of cells incubated only with DANPY-NO@AUuNPs,
demonstrating the successful inhibition of the eNOS and the
selective detection of NO by our nanoprobe. Additionally, the
ability of the nanoprobe to also detect exogenous NO levels was
confirmed using S-Nitroso-N-acetylpenicillamine (SNAP) as a NO
donor. Images of cells treated with SNAP exhibited an enhanced
green intensity compared to cells only treated with the
nanoprobe (from Figure 7a ii to xi); and the corresponding
fluorescence emission spectra (green for cells treated with

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. a) CLSM images of untreated (i —iii), treated with CaZ*
ionophore A-23187 (iv — vi), treated with L-NAME (vii — ix) and
treated with SNAP (x — xii) endothelial cells all incubated
overnight with DANPY-NO@AuUNPs (4.2 pg/mL). Scale bars =
50 um. b) The corresponding normalised fluorescence emission
spectra. Black, purple, red and green emission spectra
correspond to cells incubated with DANPY-NO@AuUNPs and
untreated, treated with Ca?* ionophore A-23187, treated with
L-NAME and treated with SNAP, respectively. Cyan, magenta,
yellow and orange emission spectra correspond to the
corresponding control cells without DANPY-NO@AuUNPs.
Treatments with Ca%* ionophore A-23187 (1 uM), with L-NAME
(200 mM) and with SNAP (220 uM) were performed overnight.
Aexc = 405 nm and AA., =422 — 689 nm.
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SNAP and black for cells only incubated with the DANPY-
NO@AUuNPs) corroborate the results. It is important to notice
that the fluorescence emission intensity of cells incubated with
Ca?* ionophore A-23187 showed a small shoulder at 440 nm,
which is attributed to the fluorescence emission of this
compound. These results confirmed the ability of DANPY-
NO@AuUNPs to detect endogenous NO concentrations in
endothelial cells which are produced at nanomolar
concentrations and the possibility of monitoring the presence
of exogenous NO produced by a NO donor.

Nitric oxide detection in breast cancer cells using DANPY-
NO@AuNPs

The potential application of DANPY-NO@AuUNPs to quantify
intracellular NO concentrations was explored in MDA-MB-231
breast cancer cells. Cells incubated overnight with DANPY-
NO®@AuUNPs and treated with different concentrations of the
NO donor SNAP (from O to 440 uM) showed green emission
which increased in intensity with a concomitant increase in
SNAP concentrations (Figure S31). The CLSM images were
supported with the fluorescence emission spectra of all the
samples (Figure 8a). Control cells without DANPY-NO@AuUNPs,
both treated and untreated with SNAP, did not show the
characteristic  fluorescence emission of the DANPY-
NO®@AuNPs. The results showed a clear enhancement of the
fluorescence emission intensity of the cells containing DANPY-
NO®@AuNPs that was associated with the concentration of
SNAP, and therefore with the concentration of NO released in
each sample. The fluorescence emission intensity at 551 nm for
each sample was plotted as a function of the concentration of
nitrites and a linear adjustment was obtained (Figure 8b)
showing a good correlation between the fluorescence emission
signal of the DANPY-NO@AuUNPs and the concentration of
nitrites released in the cells. This calibration curve could be
potentially used for the quantification of NO concentrations
present in unknown samples.

Conclusions

In summary, we have reported a two-photon fluorescent
nanoprobe, DANPY-NO@AuUNPs, able to detect NO produced
by iNOS and eNOS in a wide selection of cells, and with potential
to intracellularly quantify NO. The synthesis of DANPY-
NO®@AuUNPs was reproducible and the resulting AuNPs were
stable at least four months after the synthesis. In solution, the
DANPY-NO@AuUNPs showed good sensitivity towards NO with
a LOD of 1.30 pM and with a dynamic range of detectable
concentrations from 0 to 150 pM; both excellent characteristics
for the intracellular detection of NO. The DANPY-NO@AuUNPs
presented a good selectivity towards NO over other potential
intracellular interferences including ROS and RNS. Additionally,
DANPY-NO@AuUNPs were stable and able to detect NO at
biologically relevant pHs. The nanoprobe exhibited great
biological potential and versatility. The DANPY-NO@AuUNPs,
which exhibited negligible cytotoxicity, was used to detect and
monitor different NO concentrations in mouse macrophages
(RAW264.7Y NO- cells), human macrophages (THP-1 cells),
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Figure 8. a) Normalised fluorescence emission (Aegy = 405 nm)
spectra of MDA-MB-231 cells incubated overnight with DANPY-
NO@AuUNPs (4.2 pug/mL) untreated (black) and treated with
different concentrations of SNAP: 110 uM (blue), 220 uM (red)
and 440 uM (green); and b) corresponding linear adjustment of
the normalised fluorescence emission intensity at 511 nm as a
function of nitrites concentration. Fluorescence emission
spectra of control cells incubated without DANPY-NO@AuNPs
and treated with (pink) and without (cyan) SNAP were also
recorded.

endothelial cells and breast cancer cells (MDA-MB-231 cells).
Importantly, a calibration curve that can potentially be used to
quantify intracellular NO concentrations was obtained by
measuring exogenous NO in cancer cells. The DANPY-
NO@AuUNPs exhibited excellent versatility for the detection of
intracellular NO as it has been confirmed when using a range of
techniques

including confocal laser scanning microscopy

(images and intracellular fluorescence emission spectra),
multiphoton microscopy and flow cytometry. Overall, due to
their reproducibility, stability, sensitivity and selectively, and
biological versatility and biocompatibility, DANPY-NO@AuNPs
have proven to be an excellent tool to monitor and potentially
quantify intracellular NO in vitro and their ability to be two-
photon excitable makes them extremely valuable to aid our
further understanding of the role that NO plays in biology

This journal is © The Royal Society of Chemistry 20xx
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investigating 3D models and in vivo models. Although DANPY-
NO@AuNPs exhibit a higher LOD than the recently published
DANPY-NO molecular probe,*? the nanoprobe exhibits a set of
characteristics that make DANPY-NO@AuUNPs excellent
candidates for biomedical applications: 1) the broader dynamic
range of the nanoprobe permits its application in biological
samples with elevated concentrations of NO such as in the case
of bacterial infection; 2) DANPY-NO®@AuUNPs have proven to be
more stable in agueous media compared to the molecular
probe; and 3) importantly, having a nanoplatform permits the
incorporation of other ligands such as reference ligands to
obtain ratiometric nanoprobes for the precise quantification of
intracellular NO, or drugs vyielding nanoplatforms for
theranostic applications.
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